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SUMMARY.
The work carried out for this thesis represents 
part of a larger study being followed in the Department 
of Chemical Engineering, University of Surrey, into the 
processes of heat transfer taking place in rotary kilns 
with particular emphasis being placed on those in the 
Cement Industry.
A widely used method of investigation of the 
performance of furnaces is that of partial modelling of 
the flow taking place within the system. This approach 
allows predictions to be made from model work concerning 
the shape and length of the flcime within the real furnace. 
In cases such as the rotary kiln, where the flame may be 
defined as a turbulent jet diffusion flame, the mixing of 
the oxidant (air) with the fuel is of the utmost importance 
in dictating the flame characteristics. Consequently, 
the approach of isothermal partial modelling has been 
applied to an accurate model of a specific industrial 
installation, from which general conclusions concerning 
flow patterns in kiln systems can be made.
The two most important aspects of such modelling 
procedures are firstly, to obtain an accurate geometric 
model, and, secondly, to ensure that the flows produced 
in the model system are representative of actual practice. 
The first of these is relatively simple to attain; the
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second is more difficult. In order to overcome the 
limitations of published literature concerning flowrates 
in kiln systems, original industrial data was obtained 
and analysed in some detail, using relevant jet theories 
to produce a range of operating conditions suitable for 
use in the model.
Isothermal model systems operating on air and 
water have been designed and constructed. Prom these 
flow pattern diagrams have been produced and presented 
in the results. The model studies indicate that the 
degree of recirculation in kilns is low to moderate and 
does not take place symmetrically about the kiln axis.
The primary jet is deflected by the asymmetry of the 
secondary flow, the distribution of which is determined 
by the inlet geometry to the 'kiln. Jet deflection increases 
as the velocity ratio, u^/u^ is decreased.
The flow patterns are of sufficient generality 
for wide application, within the limits of the rules of 
isothermal modelling.
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SECTION I.
INTRODUCTION
1,1. Furnace Modelling.
The design and operation of furnaces and kilns 
provide complex problems which are not always exactly 
soluble. Consequently, models are very often used to 
study designs, both old and new, in order to improve 
efficiency. The principal problems are furnace aero­
dynamics, flame geometry and heat transfer. Both cold 
models and hot models are widely used.
In cold models an isothermal flow is used to 
represent the flow patterns of the prototype furnace. 
These suffer from drawbacks; the lack of representation 
of buoyancy of high temperature gases, and the absence 
of a real flame. Where these do not present themselves 
as primary effects, then cold models may be used to 
advantage. The importance of cold models is that they 
show quickly the flow patterns occurring in the furnace, 
and also may be used to evaluate cheaply design changes 
in combuster shape.
Hot models operate at temperatures near those 
occurring in the prototype system, but are in general, on 
a smaller scale. Buoyancy effects are well represented, 
but drawbacks are encountered due to constructional 
techniques and relatively high cost.
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Most features of flow can be simulated without 
the application of heat; cold modelling techniques 
have been developed over the years by various workers 
(Sect. 2), and are now available for the determination 
of qualitative information from models using visual tracers 
and quantitative information from models using chemical 
tracers.
Cold models are generally operated using air or 
water at ambient conditions. These fluids are easily 
obtainable, and relatively simple to handle. The fluid 
which is used is determined by the type of information 
required. Water operated models are generally used for 
qualitative information; the air model for quantitative 
data.
The kinematic viscosity of hot furnace gases 
is twelve times that of cold air, and approximately 
one hundred and thirty times that of cold water. Taking 
Reynolds number as a criterion of dynamic similarity.
Re = V d p _ V d y ' V
for equal Reynolds numbers in model and prototype
( R e p  = R e ^ )
thus
vp dp , vm dm vp “ vm
vm vm dm
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For a 1/12 scale model dp/dm = 12
X£ = 12  ^ 1 vm 12
and the velocities in the model should be about the same 
as in the prototype. For a 1/24 scale model, the velocities 
in the model should be about twice those in the prototype, 
for equal values of Reynolds number.
With water as the operating fluid,
vp _ 130 _ vp dpvm ” vm dm
so with equal values of Reynolds number, if dp/dm = 12,
the velocities in the corresponding water model are about 
l/12th those of a corresponding air model.
If, however, operation at the same Reynolds 
number as in the original is not feasible, then the value 
may be reduced to a more suitable one, as shown in Sect.2,, 
and the system is then said to be operating at 'reduced 
velocity’. Such operation is likely to produce conservative 
results.
For air models operating at higher velocities, 
then, flow visualisation techniques are not so important.
If it is required to visualise the flow in an air model 
this may be done using balsa dust, etc., coupled with high 
speed photography. Optical techniques, such as Schlieren 
or holography may be used, if the jet is moving fast enough, 
or has a heat tracer added. For quantitative studies 
in air models impact head probes and tracer-gas systems 
may be used.
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In water models, flow visualisation is easier 
to obtain due to smaller velocities. Quantitative techniques 
may be used, but probe sealing and manipulation make this 
an inconvenient technique. Many tracer techniques are 
available, as described later.
One important aspect of cold models is that they 
do not represent buoyancy effects in any way. Buoyancy 
effects are likely to be small if temperature differences 
are not too great or if gas velocities are high, or a 
combination of the two. However, if temperature differences 
are great and/or velocities are low, then buoyancy 
should be represented or allowed for.
1.2. The Rotary Cement Kiln.
The rotary cement kiln, which is the subject 
of this study, is the furnace responsible for the greater 
part of the worlds output of Portland cement. The techniques 
of partial modelling have been applied to the system, and 
a scale model produced.
The 'wet-process' rotary cement kiln, the most 
common type, consists of three main parts. These are 
the rotary body of the kiln, the firing hood plus burner 
system, and a clinker cooler of some description. The 
rotary body of the kiln may be further sub-divided into 
three sections; the drying zone, decarbonating zone 
and clinkering zone. The gas temperature in the kiln
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varies from 2000°C (3600^F) et the hot end of the clinkering 
zone, to around 600^0 (1100°F) in the drying zone. The 
body of the kiln consists of a refractory lined steel shell 
of length 100-750 ft. inside diameter 7-25ft, inclined 
at 2^  - 3^ to the horizontal and rotating at about 1 rpm.
The fuel/air jet passes into the lower end of 
the kiln at velocities in the region 100-300 ft/sec; 
the velocity of the combined flow after introduction and 
burning of the fuel being of the order of 20 ft/sec.
Every type of fuel is used in such kilns, pulverised coal, 
heavy fuel oil and natural gas.
The models were designed such that the study 
should concentrate on the hot end of the kiln. Initially, 
the models have been operated to represent the introduction 
of a homogeneous jet of fuel/air mixture.
Essentially the system as modelled can be 
considered as a turbulent jet passing into a co-flowing 
stream constrained by a circular duct of non-uniform 
diameter with a non-symmetric entrance.
Kilns with varying cross-sections are frequently 
encountered; the diameter is enlarged over a particular 
section to allow for varied residence time requirements 
for the charge primarily. Generally, the raw materials 
pass down the kiln at 1 or 2 ft/min.
“• 1 5 “
The refractory lining of a kiln poses complex 
problems, and the resulting solution of these is a compromise 
between insulation and mechanical strength. Since the kiln 
body is rotated, flexing of the shell must take place, 
and this cannot be eliminated completely. Thus, it is 
necessary to use bricks of high density and mechanical 
strength; the disadvantage of this is that such bricks 
have high thermal conductivity. It is possible to back 
the lining with insulating bricks, but these have low 
mechanical strength, and high lining wear results. The 
bricks in a kiln are subject to adverse conditions on 
two other main counts; namely, abrasion due to contact 
with the feed, and also impingement from hot gases near 
the flame in the clinkering zone,
A further problem connected obliquely with 
lining wear is that due to the formation of 'clinker rings' 
within the kiln body during operation. These interfere with 
production as well as placing additional loads on the lining, 
both mechanical and thermal. The reason for their formation 
is as yet unexplained but may be due to rapid phase 
changes and unusual temperature profiles within the kiln.
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SECTION 2.
LITERATURE SURVEY
2.1. Modelling,
The practice of isothermal modelling of full-scale 
furnaces to study performance and modification effects 
has been employed for a long time. Groume-Qrgmailo (1) 
used a model operating with cold water to study the flow 
in open hearth chequer work and other furnace models. 
However, Reynolds similarity was lacking and so the accuracy 
of the work was doubtful. Further work was reported by 
Rosin (2) in an extensive report on the modelling of gas 
and pulverised fuel systems, including the use of dye 
tracers and sampling/titration methods to determine local 
concentrations in water models. The concept of Reynolds 
similarity was also introduced, indicating that value of 
Reynolds number in models must be kept above the critical 
value of 2230 to ensure that dynamic similarity is attained 
in the model combustor.
The use of acid/alkali systems, plus an indicator 
to model turbulent jet diffusion flames of gaseous fuels 
was carried out by Hawthorne (3) and also by Weddel (4) 
who drew on a large amount of unpublished work carried 
out at M.I.T. This technique has received limited use in 
model studies until recently, as will be discussed later.
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A considerable amount of work by Chesters (5) 
and co-workers (6) was done on the flow patterns within 
the open hearth steel making furnace. The work resulted 
in decreased refractory wear and greater furnace efficiency, 
and is a good example of the improved performance that 
can be brought about by model studies. The effect of 
recirculation of gases was also studied and modified by 
this work. Similar work is also reported by Glinkov 
(7,8,9) who considered much the same problems, Newby (10) 
has carried out experiments to elucidate the gas flows 
in a side blown convertor. Mercury was used to simulate 
the charge, whilst water was used as the operating fluid; 
this model technique giving the closest representation of 
real furnace conditions. The tracers used in the photographic 
studies were air bubbles injected into the inlet stream.
An important contribution to the techniques of 
modelling studies was made by Winter and Defending (11), 
who whilst studying combustion systems with water models 
introduced polystyrene beads into the water to provide a 
trace for photographic and visual studies. This technique 
has several advantages, and a full discussion is presented 
in Section 5.3*
Several later workers have made use of this 
method and it has proved most successful.
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Binnie (12) used an ingenious tracer system, 
involving passing a starch (deep blue) coloured solution 
of iodine in potassium iodide into a solution of sodium 
hypochlorite3 when the colour was dissipated.
Kristmanson and Danckwerts (13) whilst studying 
jet mixing effects devised a photographic method of determin­
ing the concentration distribution of a vertically placed 
circular turbulent jet, which included the use of acid/alkali 
plus indicator systems. Indicator was placed in the 
system; a dilute solution of borax (0.02 - 0.03 - N) 
was used as the alkali (jet fluid) and a solution of 
HCl as the acid. Bromo-cresol green was used as the 
indicator (pH 3.8 - 5-4; changes yellow to blue). Such 
solutions were chosen so as not to attack the cast iron 
they used in the system; in corrosion resistant equipment 
sodium hydroxide and HCl may be used.
Ruhland (14) used a similar technique in his 
studies of the rotary cement kiln flame. The jet fluid 
was dilute caustic soda solution, containing the indicator 
thymol phthalein, which produced a deep blue colour.
The surrounding fluid was dilute hydrochloric acid. By 
carefully arranging the strengths of solution used, Ruhland 
was able to simulate the effect of varying fuel inputs 
in the flame jet.
Inman (15) also used a system such as this; he 
also compared the application of the indicators phenol- 
phthalein and thymolphthalein, and found that the latter
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gave a better photographic image. Phenolphthalein changes 
from red to colourless at pH 8.4, thymolphthalein at pH 9.4.
Dance (16) has listed many of the tracer systems 
used; in general they are similar to those listed above.
Street and Twamley (17) have used a method of 
tracing flows in air or gas operated models. The gas 
required to be traced is labelled by injection with a 
trace concentration of an acid or alkali, and the colour 
change noted when a piece of filter paper or muslin soaked 
with chemical indicator solutions is placed downstream 
of the trace injection point. By using a wide distribution 
of paper tags and accurate labelling of gases a picture of 
the flow pattern may be obtained.
Various other sophisticated techniques may be 
used to study flows in fluid dynamic systems. These include 
Schlieren (18), interference and holographic methods 
(19, 20). However, unless the area of flow being studied 
is small, and planar (except in the case of holography) the 
application of such techniques and their optical systems 
may be costly.
Infra-red photography could prove useful, say, 
in a three dimension model using air together with a heated 
jet, but reference to the publications (21) shows that 
the application is, as yet, limited in this field. Water
“ 20 -
analysis (22) can be carried out using false-colour infra-r 
red film, but only surface effects in water systems can be 
shown and recorded.
Gray and Robertson (23) have produced a useful 
review paper of relatively early model work, describing 
the water-model work of Chesters and the air model studies 
of Collins and Tyler (24). They describe how laboratory 
techniques are used to study flow distribution problems, 
and how pressure distributions can be investigated. Suitable 
model arrangements are discussed together with the necessary 
flow measurement instrumentation. Various tracer techniques 
(e.g. ink-spray, aluminium particles, paraffin smoke) are 
also described.
The probiemis which have always been matters for 
concern in isothermal model systems are the effect of 
the deflection of jets and the stratification of hot and 
cold layers of gases which occurs in the real furnace and 
which cannot be easily represented in the model. If an 
estimation can be made for the effect of buoyancy on the 
path of a jet, then the isothermal model results can be 
evaluated in a more realistic light. Gray and Robertson (25) 
attempted a simple study of this, by assessing the effect 
of buoyancy on hot jets discharging into room temperature air, 
Such a procedure, if was hoped, could be used to make a 
first approximation to indicate the error introduced by 
neglecting the buoyancy effect in isothermal models. A 
formula for predicting jet deflection with limited degrees
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of Jet temperature excess was produced, Horn (26, 27) 
also studied this problem, the effect of buoyancy being 
considered over greater ranges of the ratio of Jet density 
to the density of the surroundings than had previously 
been attempted. An expression for the prediction of Jet 
paths was produced, but it suffered from the fact that 
the r^/L value in the model tests was small. The technique 
used was that of the injection of a magnetite slurry to 
produce an inverted picture of the buoyant Jet by virtue 
of the excess density of the slurry. The density of the 
slurry was variable. However, application of the expression 
produced requires a knowledge of axial temperature (density) 
profiles for the furnace (Sect. 3.5)* However, with suitable 
assumptions the approach can be used to give approximate 
jet paths. This is particularly useful in assessing the 
performance of a cold model, relative to the actual furnace. 
Further studies on flame buoyancy have been carried out 
by several workers, but in general they were concerned 
with vertical jets of hot gases, and so provide little 
information on the path of a horizontal jet, Sunavala (28) 
has studied the dynamics of buoyant diffusion flames, and 
has reported on the use of vertical jets and the 
discrepancies incurred in comparison with horizontal jets (29)
Rhydderch (30) has investigated the effect of 
buoyancy in vertical ducts, and produced a treatment for 
that particular case. No effective treatment of buoyancy 
effects in enclosed jet systems is known to exist.
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Corrsin and Uberoi (31) found that a low density 
j et spreads more rapidly than a relatively high density jet. 
The variation of angle of spread affects the mixing in the 
jet, and consequently, if a flame is considered, the 
combustion. Such effects must therefore be evaluated in 
order to determine accurately the effects of buoyancy 
on burning and flow patterns. The conclusion of Corrsin 
and Uberoi is, however, in contradiction with that of 
Horn, and so the position is not well defined.
Bacon (32) has described how aerodynamic studies 
both in models and full-size plant can be used to study 
design problems, and discusses the importance of correct 
geometric scaling, or distorted geometric scaling of 
the area near the burner. The importance of accurate 
knowledge of the momentum of the input streams, and the 
actual thrust developed by the burner is mentioned, in 
respect of accurate relationships between the model and 
full-size plant. The discrepancy of modelling in soaking pits 
is indicated, together with the necessity of fuller 
understanding of the problem of burner/furnace scaling.
Beer (33) has elaborated on the problems associated 
with accurate representation of flows in isothermal models, 
and points out that the success of modelling depends largely 
upon ensuring that there is similarity between model and 
prototype. The categories of similarity are listed, and 
the methods of establishing similarity via such approaches
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as dimensional analysis is outlined. The necessity for 
suitable Reynolds and Froude numbers is discussed, as are 
the requirements for deviation from the geometric scaling 
of burners according to Thring and Newby (34). This 
approach will be discussed below in more detail. Beer also 
points out that in cases where the secondary air is supplied 
as a slow moving mass around a high velocity jet, such 
as in a cement kiln burner, then a modified Froude number, 
known as the Archimedes number should be kept constant in 
model and prototype, except where Ar<0.01.
Several other workers such as Putnam and Ungar (35) 
Tucker (36) and Anson (37, 38) have reported on the general 
aspects of modelling, and provide useful information 
on the necessity for ensuring suitable flow conditions 
at the model inlets. Evans and Patrick (39) and 
Paulson (40) have studied the flow patterns in boiler 
systems. The method employed by Paulson is interesting 
since by using photographic recording in two normal 
planes a three dimensional flow representation is produced 
in static form.
Spalding (41) has provided a comprehensive 
review of partial modelling, and this together with review 
papers such as those quoted above, and that by Winter (42) 
provide a suitable basis for model work.
In general, the principles of modelling discussed 
by the papers quoted so far, can be summarised as follows.
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Firsts geometric similarity is required, except in particular 
cases. Secondly, dynamic similarity is maintained by 
keeping the Reynolds number equal to that in the furnace, 
except when the value of Reynolds number is excessive, 
when it may be reduced as much as six-fold (37) so long as 
it is kept above 10^. The Froude number need not be 
maintained the same in cases where the fluid has its controll­
ing boundaries at infinity or solid surfaces (42) although 
if buoyancy forces are not negligible this cannot be done.
2^2. The Free Jet.
Before discussing the concepts of enclosed jet 
turbulent diffusion flames, it is necessary to note briefly 
the various aspects of homogeneous fluid jets, both free 
and enclosed. This subsection is designed to describe 
the general phenomena of the free jet in sufficient detail 
to lead to the enclosed jet.
A free jet is formed when a high velocity stream 
of fluid passes from a relatively small opening into a 
large unconfined space in which the surrounding fluid 
is either at rest or moving relatively slowly. If the 
opening is a narrow slot, a plane free jet is formed; 
if it is a circular aperture a round free jet is produced. 
Thring (43) in the field of combustion, has described a jet 
as a turbulent flow of gases via a small aperture into a 
large vessel with sufficient momentum to preserve its
- 25 -
initial flow direction for some distance.
As the jet passes into the ambient fluid, 
a 1 surface of discontinuity’ is produced (44). At such a 
surface there is a strong tendency for the surface to indent 
and to break down into a large number of eddies and vortices.
As the jet flows from the orifice, a ring of vortices is 
formed around the jet boundary. A free jet spreads in such 
a way that the diameter is directly proportional to axial 
distance from the source, and velocity is inversely proportion­
al to this distance.
The free jet contains three main regions, or 
zones, which can be clearly defined. The first of these 
is the region of the potential core of the jet, which 
extends from the nozzle to a point about 4^  nozzle diameters 
downstream. In this region the velocity profiles are uniform, 
provided that they are so at the nozzle, and are described 
as being ’top-hat’ shaped.
Surrounding the potential core, and gradually 
absorbing it, is the mixing zone. In this region, unlike 
the potential core where only nozzle fluid is present, 
ambient fluid is entrained and mixed with the nozzle fluid. 
Entrainment continues throughout the jet, beginning in this 
zone.
There then occurs a transition zone which 
continues to a plane about 8 nozzle diameters downstream 
of the source, when the jet becomes fully developed. In
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the fully developed region of the jet, velocity and 
concentration profiles attain a shape which is similar at 
all subsequent sections; they are said to be ’self-preserving’ 
The jet may at this stage be described as a fully-developed 
self-preserving system. It is to this region of the jet 
that the jet laws apply.
A generalised system, due to Pai (45) is 
shown in Fig. 2.1. Throughout the jet the pressure is 
nearly the same as exists in the surrounding fluid (43), 
and so the decrease in velocity is due to frictional stresses 
alone. The decrease in velocity is accompanied by a change 
in the quantity of fluid passing through successive cross- 
sections, as fresh fluid is being constantly entrained.
A recent study of entrainment by Ricou and 
Spalding (46) has produced a useful equation for evaluating 
entrainment of, air by air, of air by a heavy gas, and 
of air by a light gas, with Reynolds number kept over 10**.
The results leading to this equation were produced by 
arranging the apparatus in such a way as to permit the 
direct metering of the amount of fluid entrained.
Hinze and van der Hegge Zijnen (47) studied 
the time mean values of velocity, temperature and gas 
concentration.for a turbulent jet passing from a round 
orifice into quiescent air. They thus obtained equations 
governing axial and radial velocity profiles.
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Forstall and Shapiro (48) also studied momentum 
and mass transfer in a round jet, and although the jet passed 
into a duct, it appears (49) that the duct was too large 
to effect the spread of the jet. They obtained similar 
equations to Hinze and van de Hegge Zijnan, as did Taylor, 
Grimmett and Comings (50),
2.3. The Enclosed Jet.
When a jet is placed in an enclosed space 
as is often the case in furnace systems, several differences 
compared with a free jet occur. These are
(a) The entrainment flow of the jet is changed since the 
supply of surrounding fluid is curtailed.
(b) The pressure within the jet increases with distance 
and does not remain constant as in a free jet.
(c) Entrained fluid may emanate from the edge of the jet 
at a point further downstream, and give rise to the 
phenomenon of recirculation.
(d) As a result of recirculation, a recirculating volume 
is set up, and to predict the performance of enclosed jets 
it is necessary to have knowledge of this.
(e) The normal free expansion of the jet is interfered 
with, and at some point the jet may impinge on the wall.
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This point of impingement will have considerable bearing 
on the quantity and composition of recirculated fluids*
2.3.1. Thring-Newby Criteria.
Several theories of enclosed jets and their 
recirculation performance have been developed. The first 
of these to be widely used in combustion studies was that 
of Thring and Newby (34), this theory attempts to show 
how far ca^lculations based on free jet formulae or on 
measurements made on small scale isothermal models may be 
used to predict combustion patterns in enclosed turbulent jet 
flames.
The similarity of various free jets is 
determined by a length scale factor consisting of the 
nozzle radius, and using Reynolds number as a time scale 
comparison factor. Above a certain value of the Reynolds 
number, and beyond fifteen nozzle diameters along the jet 
axis, all free jets are dynamically similar except for 
microscale details, even though the ratio of the nozzle 
radius (r^) to some length scale parameter of the system (L) 
is different.
With enclosed jets this is not so, as the walls 
interfere with the expansion of the jet. Thring and Newby 
thus postulate that to ensure similarity L must be taken 
proportional to the diameter of the enclosirg tube. The
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amount of surrounding fluid is finite, and so the mass 
concentration of nozzle fluid after mixing, L/r^ must be
equal in model and original if the mixing curves, L/r^, 
are to be similar along the model and furnace. By arranging 
this, the ratio of initial and final momentum is equal, 
and so dynamic similarity follows. Thus, all enclosed jets 
are not automatically similar, and their concentration 
and velocity curves depend upon the parameter L/r^.
This parameter is usually designated 6, the Thring-Newby 
similarity parameter for enclosed jets, where
L 5 . 7 7
where r^^ is the equivalent nozzle radius, explained later.
2.3.2. Craya-Curtet Parameter.
A ’ significant improvement was the development 
of an approximate theory of enclosed jets, due to Craya 
and Curtet and reported by Curtet (51). The treatment allows 
for the wall effect of the enclosing duct, when the jet is 
supplied with a co-flowing stream. Both two-dimensional 
and axisymmetric conditions are considered, and experimental 
work is used to compare theoretical predictions with 
reality; Ijmuiden furnace runs were used, and the theory 
was found to be accurate within the conditions set out.
The approach used was the employment of the 
mean values of the Navier-Stokes equations, which were 
simplified and integrated in conjunction with the continuity 
equation. Similarity equations were then produced for the
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two-dimensional and axisymmetric enclosed jet systems.
For the axisymmetric system, which is most similar to the 
kiln system, the similarity equation is:-
m = “ 3 R ‘ + R + K R ^  3.1182 TÏÇrL)'
when K is a factor relating to the diape of the velocity 
profile, and R relates the value of ’excess velocity’ or 
’flow’ for the section under consideration. To obtain 
similarity between furnace and model, m is evaluated at 
the inlet plane of the furnace, and then made identical 
in the model system.
As in the work of Thring and Newby, areas 
of recirculation in the enclosed Jet systems were noted 
and discussed. The theory of Craya and Curtet was found 
to compare well with that of Thring and Newby up to values 
of r VL of 0.09.
The work was expanded upon by Cohen de Lara 
and Curtet (52), who made a detailed study of recirculation 
conditions, and also by Cohen de Lara and Rivibre (53), who 
studied the effect of geometric and dynamic parameters 
on recirculation in a circular furnace model.
Barchilon and Curtet (54) produced detailed 
flow problems of enclosed jets with recirculation, giving 
instantaneous•pictures obtained from water flow models, 
together with time - mean representations obtained from 
air model work, using a constant temperature anemometer.
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2.3.3. Becker Throttle Factor.
A further contribution to the theories of enclosed 
jets has been made by Becker (55) and Becker, Hottel and 
Williams (56), A further similarity parameter for enclosed 
jets, developed by Becker, is put forward and expressed 
in various forms. The approach is similar to that of Craya 
and Curtet, the main difference being that the Craya-Curtet 
similarity parameter, m, lies between 0 and whereas the 
Becker throttle factor lies between 0 and 1.
The Becker similarity parameter, Th, is
expressed
Th = 1__ %  3.127
/2 "a
The values u^ and u^ are the kinematic and dynamic mean 
velocities of flow, defined later.
Hill (57) has again studied a similar 
approach, and produced a similarity parameter which enabled 
him to predict the mean velocity fields of turbulent, 
ducted jets immersed in secondary streams confined by 
constant area ducts.
2.3.4. Summary.
All the above theories, apart from that due 
to Thring and Newby were developed for constant density
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systems, Curtet and co-workers have shown that their 
parameter is suitable for application to furnace systems, such 
demonstration is not yet complete for the work of Becker 
and co-workers. However, the greatest point of disimilarity 
is that the Thring-Newby theory requires that the nozzle 
size be distorted in order to attain correct mixing at points 
distant from the nozzle, whereas the theories of Craya- 
Curtet, Becker and Hill treat the jet as a point source 
and conclude that the nozzle need only be scaled directly*
Various workers (53, 58) have indicated the 
fact that application of the Thring-Newby theory causes 
excessive distortion near the nozzle; some have advised 
its use only when r^^/L is less than 0.05 (49). In the 
case where r^^/L in the model is greater than 0.05, then 
better similarity of flow conditions within a model is 
obtained using the similarity parameters m or Th etc.
Other similarity parame.ters have been produced by Tissandier 
(59) and by Beer, Chigier and Lee (60), but are not to be 
used in this work. The approach was, however, used by 
Wingfield and Martin (61), who developed a method for pre­
dicting recirculation in an axisymmetric model system.
2.4. Recirculation and Mixing in Enclosed Systems.
Recirculation is an important phenomenon 
which occurs in enclosed jet systems; it is a reverse flow 
of fluid around the jet periphery. In combustion enclosures
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the effect can be large. Recirculation occurs when the 
entrainment capacity of the jet exceeds the capacity for 
secondary fluid supply.
The workers mentioned above in the section 
on enclosed jets were all aware of the effect, and discussed 
it in some detail, giving predictions on the occurrence 
of recirculatory areas.
Hubbard (62) has provided a useful review of 
the work carried out in the field of recirculation, it 
is pointed out that the presence of a recirculation eddy 
in a furnace will make the mixing distance for stoichiometric 
composition greater than that predicted from the momentum 
input. The work carried out at Ijmuiden, has shown that 
in general, recirculation quantities can be related by 
a mixing parameter (m^ + m^ )^ /m^, and a dynamic parameter 
(r^/L). It was found however that recirculation, as measured 
in the Ijmuiden furnace could not be accurately correlated 
by either the Thring-Newby or the Craya-Curtet theories 
if r^/L>0.02. The functions governing axial velocity decay 
are also indicated.
For the region-before the jet touches the walls 
(i.e. where it may behave as a free jet)
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and for the region of recirculation
/I
These functions were given quantitative values for the 
Ijmuiden studies; these are not reproduced here since they 
are specific examples.
Also, for the region after the jet has touched
the wall
^o , 8 _ ^mean 'V; constant 2.3
A similar formula is available from the studies of 
Wingfield and Martin (63, 64)
up e _ P 2.4
%  '
where, when x is large
P -»■ 1 2 . 5
0
A similar plot was given by Sunavala et al (29), who 
used a graphical representation of the axial decay of 
velocity and axial variation of concentration, particularly 
of jet fluid.
Hubbard gives an equation governing the 
concentration variation of nozzle fluid at points distant 
4L from the inlet:-
^  = 0.99 + 2.6
T T
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The effect of velocity profile at inlet was also noted, 
and the special cases of an annular air inlet (in a fashion 
similar to a double concentric burner) and unrestricted
air inlet. In the latter case the Jet behaves more like
a free jet.
Hubbard could make no accurate conclusions 
concerning the double concentric inlet, unlike Wingfield (63) 
who found that, the thickness of the annular face was 
important in determining mixing effects. It was found that 
a value of X between 2 and 3 was the optimum for rapid 
mixing
X = external dia. of prim.air nozzle (dpz)internal dia. of prim,air nozzle (dpi)‘
2.7
It was also found that increasing the velocity ratio 
(u^/u^)s and hence the momentum ratio increased the decay of 
primary fluid concentration.
Hedley and Jackson (65, 66) have studied and 
reported upon recirculation and its effects on combustion 
systems. The three types of recirculation, natural, 
mechanical and bluff-body are described, and the importance 
of recirculation on flame stabilisation is discussed, 
particularly with the last type of recirculation.
A recirculation ratio, is defined as
Rg = 100 2.8
rhr + nif + m^
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The situation is reviewed, and conflicting reports on the 
effects of recirculation noted*
As a result of the considerations, it is 
possible to conclude that the effect of recirculation 
is variable and depends to a large extent on the system.
In some cases the recirculated products cause a lengthening 
of the flame due to oxygen dilution, also it has been 
found by various workers that the flame temperature 
is decreased by recirculation. Ibiricu (6?) found 
that the flame temperature was decreased by a factor 
(i where is a recirculation ratio given by
(max) 2.9m^ + m^
the flame length was also found to increase by the same 
factor.
Recirculation was also found to have a marked 
effect on flame stability; and it has been shown that 
recirculation has various limits at which it causes 
instability, or better combustion, depending upon the 
system.
In refractory lined chambers, the effect of 
recirculation is different from that in a heat absorbing 
walled system; in the former the recirculated products 
may have a heating effect on the primary jet, whereas 
this is unlikely in the latter.
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2.5. Flame Length and Burning Characteristics.
In the design or study of a furnace system, 
it is important and necessary to know the flame length 
and path. Modelwork can help to give some indication, 
and is widely used for this reason.
The end of a flame is not a convenient and 
constant point. Turbulence, intermittency and fluctuations 
givingrise to unmixedness all contribute to the difficulty 
of fixing the length of a flame. Gaseous diffusion flames 
are more easy to study: they are generally visible and
behave in a fashion similar to free jets for mixing and 
velocity decay, but with temperature effects superimposed.
In cases where pulverised coal, or oil is 
used as a fuel the problem becomes more complex. Unlike 
a gaseous fuel p.f. or oil are not naturally intermixable 
with the combustion medium (generally air), and the 
problems of volatiles combustion, gèmosphere burnout and 
heat transfer to the burning fuel become important.
Saji (68) has presented one of the early 
equations, determined empirically, to govern flame length, 
for âpplâcatlî.o,nt:t-o-enclosed'--jet flames in turbulent 
diffusion systems. The equation is developed using the 
fact that the flame length of a turbulent diffusion flame 
is proportional to the nozzle size, and may be written 
(for a p.f. fired kiln) as
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^  'v 60-70 2.10o
A similar expression is produced for horizontal gas 
jets in free air
a
o^
_f ~ 65-75 2.11d
The equation was obtained from photographic studies, 
whereas eq. 2 was obtained from the work of Gygi (69).
Cude (70), whilst concerned with the prediction 
of flame lengths in the Steel Industry, produced an equation 
governing the length of oil and gas flames, and recognised 
that the problem was one of gaseous mixing. The equation, 
shown below, was tested experimentally using vertical 
low pressure oil and gas burners set in free surroundings
^f = k . 2.12
/G
The constant k is given as 910 for non-swirling gas 
^flames and 1560 for non-swirling gas oil flames. The equation 
is not valid for low turbulence systems or enclosed flames, 
and since Sunavala, Hulse and Thring (29) have pointed 
out that vertical flames must differ from horizontal ones, 
due to buoyancy affecting the jet angle and mixing 
parameters, the accuracy of the above work in industrial 
applications is doubtful. This is particularly so since 
the work was concerned with very small (68) and unenclosed 
flames (69).
Sunavala (71) has produced a useful survey
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paper on the determination of flame length for freely 
burning laminar and turbulent flames. Various formulae 
developed by workers considering jets of towns gas are 
presented for both laminar and turbulent systems. However, 
the studies were again for vertical free jets and so are 
not truly applicable. The formula of Thring-Newby 
developed from the original work, for oil and gas flames 
is shown:"
^f ■ - 10% 2.13
°T
where, for oil flames
d>^ = 2 (ihp +
” . ' g . Q^”
and for gas flames
'■‘ o '  2 -1 *
[ % l
Ruhland (14, 72, 73) has produced several publications on 
the performance of turbulent diffusion flames in the rotary 
cement kiln. Modelwork was combined with full scale trialë 
on industrial plant, and an equation produced by cross­
plotting the parameters obtained in the model system.
3.21 /2  ^B \ . 3.862 / 1 V
13 V
(a+bl
3.169
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The parameters of this equation will be discussed more 
fully in later sections; it is of interest here to qote 
that the factor K is directly related to the equivalent 
nozzle factor of Thring and Newby.
Inman (15) has used a similar technique with 
application to the glass industry. Modelwork was used 
to show flame path, and the effect of altitude and burner 
position was investigated. No equation for flame length 
was produced.
Combustion is an oxidation process in which 
chemical energy is converted to heat. The term is usually 
applied to reactions in which the combination of the 
fuel with oxygen is accompanied by the evolution of light 
and heat, (74, 755 43, 77). When a solid or a liquid 
fuel burns a portion is decomposed by a heat and a gas 
is evolved. The mass of reacting gas emits light and 
heat to produce the flame.
Flames may be described as luminous or non- 
luminous, premix or diffusion, Non-luminous flames are 
pale blue/green in colour and radiate energy in the 
infra-red part of the spectrum. Luminous flames are more 
visible and yellow in colour due to glowing carbon 
particles. In a pre-mix flame, some or all of the 
combustion air is mixed with the fuel prior to leaving the 
burner. A diffusion flame must entrain-external air 
to obtain oxygen for combustion. Pre-mix flames are gen­
erally short, non-luminous and noisy. Diffusion flames
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are long, yellow and generally quieter.
Flames may also be described as laminar or 
turbulent. Most industrial flames are turbulent diffusion 
flames, but can be laminar (2300 < < 3200 (76)). Laminar
or streamline, flames are quieter than turbulent flames.
True diffusion flames only occur with a gaseous fuel.
With a particulate fuel a certain proportion of the com­
bustion air (the primary air) is used to transport the 
fuel into the combustion space. Such a flame is not a 
true diffusion flame, but partially pre-mixed. However, 
in cases where the primary air is low, such industrial 
systems can be treated as diffusion flames. The combustion 
of industrial turbulent j et diffusion flames is controlled 
by the mixing of the secondary and primary streams. They 
may thus be placed in the dynamically controlled region of 
combustion (76).
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SECTION 3.
THEORY OF JETS, AND OF VARIOUS SIMILARITY PROCEDURES.
3.1. General.
Jets may be classified in many ways, but two 
classes of jet are very readily defined. These are the 
free jet., which is formed by a relatively high velocity 
fluid stream passing into a space, the boundaries of 
which may be considered to exist at infinity. The second 
is the enclosed jet; here the high velocity source passes 
into a restricting space where the distance of the boundaries 
from the source is comparable to the diameter of the jet 
nozzle,
i
For these two types of jet there are several 
subdivisions provided by the cases where the jet passes 
into a volume which contains a similar fluid flowing in 
the same direction as the jet, but at a different velocity 
(co-flowing stream), or fluid flowing at right angles to 
the jet.
In addition to these, there are also the cases 
of the streamline jet and the turbulent jet.
“ 44 —
3.2. The Free Jet.
3.2.1. Definitions and Basic Properties of a Round Free Jet.
In the study being carried out, the system 
being considered is best described as existing in three 
dimensions. Hence, only the round free jet will be considered 
as relevant to the discussion.
In combustion studies, the jet may be described 
as the turbulent flow of gases introduced through a small 
aperture into a large vessel with sufficient momentum to 
preserve its initial direction of flow for some distance (43).
As the jet passes into the ambient fluid, since 
the velocities are different, then a surface of discontinuity 
(44) exists. At such a surface, where the velocity changes 
suddenly, there is a marked tendency for the surface to 
indent, and to break down into a large number of eddies 
and vortices. If the jet flows from a round orifice, 
then a ring of vortices is formed (Fig. 3.1).
For a jet to have been truly formed this ring 
must extend for some distance from the source.
Observation shows that free jets spread in 
such a way that, except in the immediate vicinity of the 
nozzle
2r a X 5.1
and
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u a 1/x 3.2
The static pressure is constant throughout a free jet, 
being similar to that of the surrounding fluid (43), The 
decrease in velocity is accompanied by a change in the quantity 
of fluid passing through successive sections, since during 
the advance of the jet fresh fluid is continuously entrained.
Now the momentum, of the jet is constant at 
all cross sections (31).
° = P o ^  "o' 3.3
This may also be written as below, for a round jet.
fG = 2vpQ j o  jr dr = constant 3.3a
0
or
2 ^2G = 2ïïp^  u^ r^ X constant 3.3b
From these, it is easily seen that
Urn a V r  3.4
The nomenclature used above is conveniently shown in 
Fig. 3.2.
If an annular element, dr, of a round jet is 
considered then, the flow via this section may be written 
as
w a Pg. u.r.dr 3.5
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Thus, from Eq. 3.2, we may write
.2b j/x
G = 2ttp u^ . (  /u \ r d / r\ 3.6
If the jet is assumed to be conical in shape, and if a 
line is drawn from the nozzle, then the velocities at any 
two points (Fig, 3.5) must have the same ratio as velocities 
at corresponding points.
Thus
or
= const. 3.7bmi m2
It follows therefore, that
and
l i )
From eq. 2.2
3.8a
u = u^(j)/r'\ 3.8b
u^ = f(x) 3.8c
Thus,
u = f(x) 0(n) 3.9
Eq. 3.9 may be substituted into eq. (3.6) to produce2 jTOO 2
G = |f(x)j ç> J  27r 0(n)^  n.x^ dn 3.10
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which is a general expression for momentum flux in any 
cross-section of a round free jet.
3.2.2. Axial and Radial Profiles in a. Round Free Jet. 
From Eq. 3.8c
f(x)j  ^ = u^^
we may thus write rG = 27t u^^ p I n dn 3.11
 ^o
If the surrounding fluid density is then at a point 
distant from the nozzle
G a 27t u^^ p^ 3.12
And, at the nozzle plane
Go = " *0 * Pa 3.13“IT
Thus, by the principle of conservation of jet momentum 
PQ “ Pa 3.14
So, we may write, in general
3.15
If p^  - (isothermal system)
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Generally, for axial velocity decay
"m _ 3.17
%  ■ ~
For radial velocity distribution;-
u_ _ f (r/x) 3.18
Si "
Hinge and van der Hegge zijnen produced the following 
experimentally verified formulae
Axial decay 1
^  = 6.39 foUc X
Êàdial profile
u _ (1+645^x^) 3.20
They also found that marginally better fits were obtained 
when X was replaced by (x 0.6 d^). Many workers have 
found that 3 as expected, axial velocity and concentration 
decay can be represented by equations of the type shown 
above; the only difference being in the axial decay constants.
Field et al (49) have summarised the important 
results available, and shown that the average proportionality 
constant for velocity decay, is 6.3, and that for
concentration decay, k^ is 5.0.
So, the average equations are
“  ■ 3T 5.21o
and
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_ 5-0 do 3.22
Hinge and others such as Forstall and Shapiro, 
have produced equations governing the radial profiles of 
velocity and concentration. These are in general Gaussian 
or cosine functions
u_m X 3.23
and
u _ 0.5 1 + cos IT r
m 2x tan 3.24
It is obviously important to know the jet halt-angles 
for .concentration and velocity. Field et al, have again 
summarised this and produced values for the average half- 
angles, these being 4.85° for velocity and 5.2^ for 
concentration,
Using these values in the above equations 
produces the average velocity and concentration profiles 
shown below
3.25
and for concentration
c _ exp 
^m
1 + cos ÏÏ rÜTT7OX
_ 57.5 r '"I
-  J
3.25a
3.26
- 51 -
_ 0.5 1 + cos IT r
m 0.217%
3.26a
3.2.3. Entrainment in Round Free Jets.
By virtue of the excess momentum of the jet 
over that of the surroundings, it is a characteristic of 
such systems to entrain surrounding fluid into the jet, 
spreading and decelerating as this takes place. Entrainment 
can be found for a given system by integration of velocity 
profiles.
The most useful entrainment expression is 
that due to Ricou and Spalding (46) who used a direct 
metering method to evaluate the rate of entrainment. The 
equation produced is
mX _ 0.32 Pa Xm 3.27
This applies for all Re^ > 2.5 x 10**, and x/d^ > 6.
They found that entrainment proceeded at a lower rate 
per unit length of travel along the axis at x/d^ < 6, 
and that it increased progressively until governed by eq. 
3.27.
Similar equations were obtained for the 
injection of a heavy gas into air, and also a light gas 
into air. The value of the constant was changed to 0.26 
in the former case, and 1.2 in the latter.
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A tentative proposal was also made, indicating 
that the local rate of entrainment is uniquely related 
to the local excess momentum flux by 
1 3F- = 0-282 3.28
To be noted is that is the total mass flux of the jet 
at the chosen point, i.e.
= Mo + “e 5.29
3.2.4. Jet Angles in Free Jets.
It is generally accepted that for a free jet 
the half angle of spread is an important figure, especially, 
for the fully developed turbulent jet. Hence, this accounts 
for the conical shape attributed to a free jet.
The size of this angle has been mentioned in 
sect. 3.2.3.@ but will be expanded upon here. The size of 
the angle depends upon the system being considered, and 
so here air or water systems alone will be considered, 
as only these are relevant to this work.
Donald and Singer (78) have made a useful 
study of this subject. They found the angles in various 
systems, as summarised in Table 3.1. They also indicated 
that the jet angle was not constant with Reynolds number, 
but varied as shown in Table 3.2, From these results it
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can be shown that the jet angle depends upon the kinematic 
viscosity in stokes, according to the following equation:-
tan d) = 0.238 v0.i33 3.30
Donald and Singer also produced an equation governing 
jet entrainment similar to that of Ricon and Spalding, 
the expression being
mX _ (0.576 X 3.31
<^ 0
For a water system at 18°C, this becomes 
m
which is comparable with eq. 3.27, when = p_
Binnie, who worked with coloured solutions 
in water, gives the jet half angle as 7°5 Moss (79) 
gives 8.25° for a similar system, whereas Folsom and 
Ferguson (80) suggest half angles of about 10° to 13°.
For air systems, the jet half angle varies from 
about 12° given by Tollmien (81), to about 10&° given 
by Corrsin and Uberoi.
A further equation relating entrainment to jet
- 54
Fluid
System AbsoluteViscosityIB^Cpoise
KinematicViscosity
StokesI8OC
JetHalf-angle
4)
tan 4>
Water 0.010 0.010 70 0.1228
Dyesolu/HgO 0.586 0.070 9.25° 0.1660
Air/Air O.O3I75 0.144 10° 0.1763
Hg/Air 0,04875 1.030 12.25° 0.2217
Table 3.1. Results of Donald and Singer.
System Re
Water 5,000 16°
17,500 14°
30,000 12&°
Air 20,000 22&°
30,000 20°
40,000 19°
Table 3,2. Variation of Jet Angle with Re; Donald andSinger
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half-angle has been produced by Clegg and Coates (82), who
studied flow patterns in cylindrical vessels.
Entrained Flow _ 2 tan 2L.  ^ ??Initial flow " d^
Again, for a water system at l8°C, the data of Donald and 
Singer, produces
“x _ 0.246 X
%  ' 3.34
which is comparable to eq. 3.27 and eq. 3.32, despite 
the variation in the constant.
Of further interest is that Donald and Singer 
indicate that the length of the potential core is 13 d^; 
Binnie gives it as 9 d^ - both somewhat longer than mentioned 
previously.
Field et al have produced a table summarising 
the jet half angles, and give average values, as described 
in sect. 3.2.3.
3.2.5. Free Jet in a Co-flowing Stream.
All classical approaches to jet theory 
so far enuciated assume that the free jet issues into a 
stagnant atmosphere. In cases where the jet is 
passed into a co-flowing stream, the case becomes different
- 56 -
Squire and Trouncer (83) have investigated 
such a system and treated the potential core and self- 
preserving zones of the jet separately. The approach 
involves the Use of Prandtl’s mixing length theory, 
and so this will be discussed briefly before describing 
the procedure. The Prandtl theory uses the concept 
that the turbulent shear stress x is related to the velocity 
gradient and the size of the eddy; also, both the long­
itudinal and transverse turbulence intensities u^  and v^, 
where
u’ = /u® 3.35a
V* = 3.35b
are proportional to the transverse mean velocity gradient
3.363'r
where & is the mixing length. The shear stress is defined 
as
9r 9Û 3.37ar
The constant is dependent on the eddy size at the 
particular point under consideration; it may be regarded 
as a mean free path for a small body of fluid in the 
turbulent stream. Thus, the mixing length theory relates 
the turbulent shear stress to the square of the time mean 
velocity gradient; a positive shear stress corresponds 
to a positive velocity gradient.
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■ Fig/ 3.4' Approximate Jet Structure;' Theory of 
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Squire and Trouncer assume that the mixing 
length is proportional to the width of the mixing region 
in the initial zone of the jet. Thus
& = c (r. ri ) 3.38
where r^ is the radius of the outer boundary of the jet 
and ri is the radius of the inner potential core. Thus, 
as the condition r1 = 0 signifies the end of the potential 
core, and the beginning of the transition zone, defined 
by Pai (45).
The momentum equation for the flow across 
a circle of radius r, whose plane is normal to the jet axis
is then defined, being r
h pru^dr - u $ax
J
pur dr = “ Tr 3.39
An axial velocity distribution in the mixing region is 
given as
u = Ua + (Uo+Ua)
 5---
1 - COS TT (r^-r )
(r^~ri),
3.40
similar to the equations shown in sect. 3.2.2.
The values of r^ and r1 are determined; 
for the outer boundary r = r^^, and t=0, u=d^; hence 
the momentum equation becomes
ax
rr 00
pru (u-u^)dr = 0 3.41
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Integration, and determination of the constant from jet 
exit conditions gives
p r u  (u“-u ) dr = M =(d. /2) p u (u -u ) 3.428, O O O cl
where is the jet diameter at the nozzle.
At the point half-way across the mixing zone, at 
r = r>oo + ri
2
the momentum equation is again satisfied, and
2 ar 2 i r ~r
T = p c% (u. -u^)2 3.43'2|— o a
and the momentum equation becomes
(roo+^‘>/2
i_ I P.r.u /u - (u -u ) \ dr
" L  I - ^ 1
P 0% (u -u )2 (r +ri) 3.44Ü  V  d  U  V
The velocity u, as shown in (3.40) is then substituted 
into (3.42) and eq. 344, and the equations integrated, 
to give expressions of the form
^aio r. r^^ + r^^^ = (d^/2)^ 3-45
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and
ddx A,i ri^ + 2A,„ n  + A^^ foo = B(n+r^g)
3.46
Solution of eq. 3-45 and eq. 3.46 produce jet developments 
up to the disappearance of the potential core. All a and A 
values are constants of integration, containing X (where
 ^ = "a/Ujet)-
In the fully developed region of the jet, 
the velocity profile can be described by
u = u_ + uex / 1 + cos 7T r 3.47
oo
or by
u - Ua + u^^ 1 "/r 3/2
oo
3.48
Either of these may be used, but Squire and Trouncer found 
little difference and applied the former.
The mixing length is given by 
& = c r 3.49
The momentum equation is still valid in the form
p r u  (u - Ua) dr = M 3.50
Eq. 3.50 may be solved, and also the half-radius at 
r = r^^/2s conditions are applied to eq. 3.39. At r = 
we have
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also
T = p TT^  C^ U 2 3.51~rr Gx
Subs, into eq. 3.39 gives
p.r.u^ dr “ (u. +u_^)
foo/2 . roo/2
a ex' 9 I p. r. u dr
= “TL^  P r^ 3.52F'
Equations 3*50 and 3.52 are sufficient to determine r^^ 
and the excess velocity on the axis, atpoints
downstream of the initial jet zone (mixing region and 
potential core).
The value of the mixing length constant c 
is in some doubt; Squire and Trouncer use c^  ® 0,005 
0.0067. Kuethe is reported by them to use c^  = 0.00497. 
Pai, on the other hand usesc = O.OI65 ~ plane jet, and c = 
0.0158, round jet.
Squire and Trouncer give solutions for the 
cases where X (= u^/Uj^^) is 0, 0.125, 0.25, 0.5 and 0.75 
They also derive a method for calculation of the inflow 
at all points near the jet. This is done by determining 
inflow velocity curves, and hence mass infow to the jet.
" 6 3 “
Abramovitch (84) has also given solutions 
of the problems of a jet of incompressible fluid in a 
CO--flowing external stream. Equations, such as that shown 
below for the length of the potential are 
Xpc = ± (1+X)
0.27(1“A)(0.416+0.134X) 3-53
where x = length of potential core.PC
^ = V " j e t  ((Ua/"o) since = "o ^
are produced, as are equations determining the jet profile 
in the initial and fully developed regions of the jet.
In all these, the ratio of jet velocity, or velocity on 
the axis, to free stream velocity is important, as was the 
case in the work of Squire and Trouncer.
Abramovitch has also extended his work to 
describe the case of a burning jet in a co-flowing stream.
Squire and Trouncer show that the length of 
the potential core varies from approximately 3.7 d^ to 
7.5 d^ as X varies from 0.125 to 0.5; Abramovitch shows 
that the potential core varies from about 6 d^ to 12| d^ 
as X varies from 0 to 0,45. These results are comparable 
in size, although the discrepancy is large enough to 
show the differences in application of theory.
64
3.3. The Enclosed Jet.
3.3.1. Theories of Enclosed Jets and Recirculation.
The first useful theory of an enclosed jet, 
particularly from the aspect of combustion studies was 
put forward by Thring and Newby, who made predictions concern­
ing enclosed jets based on free jet theory.
A more fundamental approach has been made 
by Craya and Curtet, who used mean integrated values of 
the Navier-Stokes equations in conjunction with the 
continuity equation to describe the performance of an 
enclosed jet. Various co-workers have expanded the theory, 
and tested it for hot systems.
Becker and co-workers have made a similar 
study, and produced a further theory to describe such 
jet systems. Progress along similar lines has been made 
by Hill.
These theories will be discussed in more 
detail below, and their application to combustion systems 
considered.
3.3.2. Theory of Thring and Newby (34)
The original work attempted to show how far 
calculations based on accepted free jet formulae, or on
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measurements made on small scale isothermal models can 
be used to predict combustion patterns in enclosed turbulent 
jet flames.
The similarity of various jets in isothermal 
systems may be compared using the nozzle radius r^ as the 
length scale factor, and Reynolds number as a time scale 
comparison factor.
After about 15 d^ all free jets are similar, 
although the ratio r^/L, where L is some characteristic 
dimension, is different for specific jets.
From a consideration of free jet systems, 
the authors put forward the following parameters as 
dimensionless similarity variables useful in describing 
jet systems
u__> . L
Ï
and
p 3. 55o
Radial spread functions are then defined for use in the 
theoretical approach, where
c _ f 1 (n) 3.56
^m
and
u_ _ f2 (n) 3.57
%
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where rt = r/x
These functions are dependent upon Reynolds number at any 
characteristic point.
To develop the theory, it is assumed that
(i) Jet momentum is conserved.
(ii) Nozzle fluid is conserved.
Since fi (n) and fa (n)are only slightly dependent upon 
Re, it is therefore possible to have a certain minimum value 
of Reynolds number, without destroying similarity. The 
procedure of having a reduced Reynolds number allows models 
to be operated at lower mean velocities. This has been 
discussed previously (Sect. 1,1).
Thring and Newby wished to produce some 
method of predicting stoichiometric contours in flames,
using cold models. The differences in the systems are
clearly :-
(i) In the flame density varies from point to point 
because of temperature and molecular weight differences
(ii) Chemical reaction is taking place in the flame,
(iii) The mixture of fuel (e.g. oil and coal) and atomising 
fluid can have a pressure considerably above 
atmospheric near the nozzle.
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To justify representation in a cold system 
the following assumptions are made:-
(i) Chemical reaction only affects mixing through its 
effect on temperature and density.
(ii) In the region where that important part of the 
stoichiometric contour occurs which has to be 
predicted accurately, the temperature and density 
are constant across all those parts of the jet whicp 
have appreciable velocity, and are nearly constant 
along the jet. Thus, it is assumed that they are 
exactly constant i.e.
T^ = exact temperature 
= exact density.
In this case
' ( % ■ ) ■ ' ( t )
Thus, as a result of these assumptions, the functions 
f1 (n) will be the same in the region concerned in the 
isothermal model, and the hot system, provided that the 
Reynolds number is the same (or above the chosen minimum) 
at corresponding points in the stream.
To relate this region to the nozzle fluid, 
the equations of conservation of nozzle fluid mass and 
momentum are used, and can be shown to give (App. V).
1 , Ki-L 3.59
° m o \ ^0/ i4Cj
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a.nd
where
%  „ fp 'A  /Ki2 3.60
%  '
“o 3.61
'^ P"f ^ «0 "
i.e. r' is the radius of the aperture of a jet nozzle 
through which the same mass flowrate of nozzle fluid would 
have emerged with the same j et momentum flux, but with 
density instead of p^ .
Where the original stream is an oil jet, r 
is not the actual nozzle radius, but that radius of aperture 
through which mass flow m^ would have passed, at density 
ç>^.j and momentum It is termed the equivalent nozzle
radius.
The change of density of the nozzle fluid 
due to evaporation of oil droplets (which occurs in the 
region before assumption (ii) applies) does not alter 
similarity because jet momentum and nozzle flow are 
conserved.
Temperature variation along the flame axis 
does in fact, prevent perfect similarity between isothermal 
and variable temperature systems.
Thring and Newby attempt to show the effect 
of such temperature variations on equations 3.59 and 3.60,
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which apply to a free jet.
To do this, radial functions are written as
c _ f 1 (n)
Cm = Tm-?a "
uu - f2 (n)
3.62
3.63
'm
m
ambient fluid temp 
temp, at axis at point x
The conservation equations are again applied to show
3.64r_" u^ c^ 1' /' 2n fi(n) fgCn) dp2 -o _ "m 'm "o IIF ■ ÏÏ” ^  ■o
o
m „m1 + m "a f1(n) T
and
’o" -o f  fz'(n) dn
^  ■ F  I 1 + dn
3.6'
T.o
which are derived in a similar way to eq. 3.59 and 3.60 
In the above
Kii = 2nfi(n) fz(n) dn 3.66
K i2 = 2nf^(n) dn 3.67
Using the equation of conservation of heat, a further 
equation may be arrived at
_  = 2L* rm o V
K 1 3
K i  4 To
K i3rrr 1  ^2 Ki 4 3.68
where
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CO
Kl 3 = I 2r] fi^(n) f2(n) dn 3.69
o
Eq. 3.68 applies to regions far enough along the jet 
for << 1 and is accurate to the order of c^^.
Also
IS roughly =__77—  ^ -ip—K1 1 K1 4
and so the constant term
K 1 2
Kii 2 K i4 > 0  3.70
Hence, if 1/c^ is plotted against x, it will give a straight 
line function, intercepting 1/c^ = 0 (x - axis) with 
X < 0 when (i.e. behind imaginary jet exit plane),
and with x > 0 when (i.e. in front of the jet).
The former case corresponds to a rising axial 
temperature and the latter to a falling axial temperature. 
Such jets are not similar to those in isothermal systems 
until 1/0^  has become so large that the left-hand-side 
of eq. 3.70, when used in eq. 3.68, may be neglected.
Generally
where
1 ^x
®x = ”e * “o 3-72
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Thus 9
“e "o 3.73
° m “o
where is the entrained mass flux.
The above treatment of free j et characteristics 
may be extended to enclosed jets, this being the procedure of 
Thring and Newby.
Since the walls of the confining space interfere 
with the free expansion of the jet, the characteristic 
geometric similarity parameter L, must be proportional to 
the size of the tube. In general it is taken as the 
duct“half width, or radius for a circular chamber.
Thus 5 if Xp is the point at which a free jet 
would impinge upon the duct wall, then
x„ = L  3.74 ^ tan (J)
(see fig. 3.6)
Thring and Newby give
= 4.5L 3.75
The jet half angle is thus around 12|°. This is somewhat 
high, but compares reasonably with the figures shown in 
Table 3.2, for air systems. Compared with the more general 
figure, obtained by average by Field et al of 9.7° the 
size of the angle is high (Sect, 3.2.4).
“ 7 2 “
Wolf and Parisis (85)? however, indicate that 
the angle of a freely expanding primary flame jet is about 
20^ (half-angle 10^), and show that eq. 3*75 is not too 
inaccurate.
is finite
Also, since the amount of secondary fluid
o a
So, the similarity parameter
= L  k.
"■o
must be kept the same in model and actual furnace. The 
expression is termed the Thri.ng-Newby similarity parameter, 
designated as G. Frequently it is written as
r '
^  ^ ° 3.77“o 7.
However, substitution for r f r o m  eq, 3.61 yields
® = ■"o + “a , 1 3.78
[Pf ®ol ' L
which is the basis of eq. 2.8.
If these terms are kept constant in model and prototype
furnace, then the curves of c L/r should be identical,m o
This condition ensures that recirculation is 
kept in the right proportion. Recirculation depends upon 
the ratio x^/x^, when x^ is the distance at which all the 
secondary fluid available has been entrained.
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Thring and Newby use Hinzes (47) formula to show 
that all the entrained fluid is given by
m_ = m (0.20 X , ) 3.79c! O —  *“ _LO
Now, when m = m we may write e a
m^ = m^ (0.20 x^ ) 3.80
Rearranging, this produces
Xn = 5.0 , %  3.81
V *0 )
The jet momentum is considered as being eventually 
converted into static pressure since there is ultimately 
a uniformly mixed velocity. Equality of 0 ensures that 
the ratio of the initial to final momentum is equal, so that 
dynamic similarity follows.
So, it may be concluded that enclosed jets 
are not automatically similar in the same vjay as free jets, 
but their concentration depends upon the parameter
in a way which can be qualitatively predicted. When m..a
is small and l/c^ «> 1, then all the air is quickly
entrained. Thus, when the jet impinges on the wall its 
concentration is practically c^ -^ . Consequently, recirculated 
fluid also has concentration approx. c^  Thus after
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passing the point the c^  ^  L/r^ curve drops rapidly
from the free jet line. Conversely, if m^ is large, then 
points x^ and x^, are close, and so the recirculated 
fluid tends to the composition of the ambient fluid. Hence, 
the curve 1/c^m L/r^ approximates to the free jet curve 
to point X (Figs. 3.7 and 3.8).
The amount of fluid recirculated is also 
calculable being of the order (| to 1 times) the amount 
of fluid which would be entrained by a free jet passing
from Xp to x^ . Thus, we may write
kp ^0.20 ^  - 1 j - 3.83
or) on substituting f
kp = m^ 0.9 L_ " (% + m^) 3.84
^o
k is a constant to determine the actual amount of fluid 
recirculated from that predicted. This could be evaluated 
by model studies.
Thring and Newby give practical reinforcement 
to their theoretical studies, by running tests on the 
Ijmuiden furnace. The problem of 'unmixedness' in the flame 
is also studied, and an expression produced for the ratio 
of unreacted to reacted fuel in any given aged sample 
taken.
The most important result of the study, however 
is the production of the similarity parameter, as expressed 
in equations 3.77 and 3.78.
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3.3.3» Modification of Thring-Newby theory using, more recent 
Formulae.
Thring and Newby use Hinze's formula to determine 
the entrainment of the enclosed jet (acting as a free jet) 
up to the point c (where entrainment ceases, and disentrain- 
ment begins), which is situated half way between the point 
and the point x^. The formula of Ric&u and Spalding 
may be used to determine x^ (eq. 3.27). At the point x^ 
free jet entrainment is zero, and so
2L- - 1  /fo " 3.85
■ 0-32 ( p a /
If we consider the jet system shown in Fig, 316, the
point x may be defined as below, if 6 is known P
X 3.74p tan (j)
Thring and Newby have, therefore
tan ({) =l/4..3 = 0.222 ({) = 12&°
Field et al have
tan “\j) = 1/5.85 - 0.171 (j) = 9.7^
However, Field et al indicate that (f) should be 4.85° 
and so there must be some error in the equation.
However, taking the value of 2({) = 20° (c|> = 10°) 
as indicated in Table 3.2, the development may be continued 
as in this case
X = 5.69 L 3.86P
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Other values are used with other systems, but here the 
air jet is to be considered.
Again using Eq. 3.27s the fluid entrained 
between the nozzle and point c is given by
m._ = 0.32 /PaA  ^*0 «V ■ %  3.87
Also,
X ^p 0?32 a / j 3.88
A parameter, 6^, may now be introduced, such that
2L a
3.89
Hence,
V - i / x  + 216' c 2 I Xp 0.32
_ 1 / 5.69L + 2L0^ " 2 V 0.32
X = L / 2.845 + 6^  \V 0.32/ 3.90
Substituting into eq. 3.87 and rearringing gives
_ 0 . 3 2  r  L / 2.B45 + e ‘ \) ,- ' ' — 32;| -C /m. ■ 0''^ J I 0.
= 12.16 X 2.845 . 1--------- ST  + ô ” 1
" 7 8 "
Thus,  ^ °-5 3-9i
If we wish to consider the situation, such as occurs in 
a cement kiln, where all the secondary air (having low 
momentum) is entrained before recirculation takes place, 
then the formulae must be slightly modified. The parameter 
6 is redefined as
The value of is unchanged, but x^ is different, being 
given by
“e =
Thus,
+ “o . 0.32 M
%  (Po/ '^o
= e 0.32
Hence
x^  = 6.25 6 . L 3.93
The position of c is given by
X^ = h (5.69 L + 6.25 0 L )
Thus,
x „  = 3.125 (e + 0 .9 11 )  L 3.94
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Barchilon and Curtet give data showing the positions of 
NgCgP, the points being defined as 
N - start of recirculation 
C - core of recirculation eddy 
P “ point of impingement of jet.
These are shown in Fig. 3.9.
Thring and Newby’s theory is only accurately 
applicable for the case of a small jet issuing into a large 
space. More specifically it should not be used when 
r^^/L is less than 0.05, although it has been used with 
reasonable accuracy up to r^^/L = 0.09, for the case of 
the Ijmuiden experimental furnace.
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5;3.4 theory of Craya and Curtet
Craya and Curtet have produced a rigorous analysis of 
the performance of the enclosed jet. The study was carried 
out 5 like that of Thring and Newby to enable turbulent 
jet diffusion flames to be modelled accurately.
The mixing of two streams, which may be either two 
dimensional or axisymmetric cases, and of the same density, 
but different velocities ,is considered. The general system 
is shown in fig. 3.10.
The mean values of the Navier*--Stokes equations are 
used as the basic equations. These are also known as the 
Reynolds equations. If we consider tha plane XOY in 
fig, 3.10, then for the two dimensional case, the equations 
become
Ü1Ü + Soü + aûli .air^F , „ 1 M  + (3.95)9x 9y 3x 9y p 9x ^9x% 9y^J
- IF
Assuming that the mean quantities vary more rapidly in 
the direction OY than OX, Eq. 3.95 may be written as
p + pv^ = Pq (3.96)
where p^ is the static pressure at the wall, and is only 
a function of x. Eq. 3.95 becomes on substitution of 3.96,
and neglecting 9^u 9lP’
E .  •  %  '  " 4 # ^ '  •  ^  -  J  ’ I  .  p  < ï . « )
The shear stress may be evaluated using
T = p/=u^ v^  + v9u\
V 9y/ (3.98)
Y y
— 8 2 —
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w
ro
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F ig ,  3, 10 Typ ica l In le t  V e lo c i ty  P ro f i le :  T h e o ry  of C ra y a  
&  C u r te t
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Subs, for 3 we arrive at the basic two-dimensiohai
equation=-i ‘ 'I • f <3-»>
Similar procedures may be followed for the axisymmetric 
case 3 and the two resulting equations may be written in 
a general form+ % + I 1 ^ 4  W -
5 = 0  two-dimensional ; 5 = 1  axisymmetric
The other equation required is the continuity equation, 
expressed as
° <5.101)
Relative variables are now introduced to allow for an 
assumption of the approximate affinity to the reduced 
velocity profile. Tests carried out by Craya and Curtet on 
the two-domensional jet indicate that w/w^ = f(y/r^), at 
points distant from the nozzle, and is independent of x.
Let e = y/r, where r is the effective width of the flow, 
defined by
q = 2w^^r - two-dimensional
2q = TTW^ r - axisymmetric
and w = u-ua
q - excess discharge, w^ - value on axis 
Let K be a parameter depending onx ; thus, we may write
^ = f(s.K) (3.103)' m
The flow is assumed frictionless outside the jet, as
= 0  (3.104)
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By substituting v obtained from the continuity equation into 
the basic jet equation (3«100) and then integrating w.r.t. y , 
manipulation produces the semi integrated form which may be 
applied to jets
f6+l)Tepwm
+ X fP
u^ rAi BP ~â ^ 3K 
"m
("a
~ v ^
Pe 0+1
r KX K m  3K
( )% 5 6( )/5x|
The notations in this are defined below
6+1 (6+l)/o* w/w^^y^.dy ; K = (6+l)/o^w^/w^E°.de
f_3PBK
3.105)
, +(»
■p ■= (ô+D/f fs^de , KM = (6+l)/o
Equation 3.105 may be applied to several cases of jet system, 
with some modification as required. B'or confined jets in 
general, the first mean equation is obtained by having the
shear stress zero at the boundary of the moving zone, henc(
= 0 (3.106)
2 .. _S+1\ K(wir6+1)("a -*m-r >x + ^r*6"a'*m r
m ' X
The second mean relation is obtained from the total fluid 
discharge equation (independent of y)
Q/tt Ua(L-6*)^^^ + r^*^ (3.107)
The last expression is obtained by using the 
experimentally verified conclusion that the reduced excess 
velocity profile (3.103) is independent eventually of x, so
that w/w^ = f(e), so only the first four right-hand-side
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terms of 3,105 remain. Allowing for 3.106, we get from 
3.105, the following expression 
_ (M-P) + V ^ ^ f P
«m "m'r* "m
• 3.10B
The three right-hand terms of this equation are solely 
functions of e and x, so we may write
-(6+1) _ ®(x). W(E)
or
(-5+1) .T _ Y(e) (3.109)Pw“ ^(x) “ S“m e
when the shear stress is represented by a curve that is
independent of the x-axis.
This condition is never quite held in actuality, but
the approximation is reasonable enough for application to
practice.
The authors show that if eq. 3.109 has both sides 
multiplied by a function x(^), integration produces results 
in which both sides of the equation are equal, whatever the 
value of x(e). However, if the same is done to eq. 3.108, 
Then results are produced which are dependent upon x(^)» 
However, as a result of numerical results and the assumptions 
made in obtaining eq. 3.109, it is concluded that the mean 
jet equation obtained by integration is not sensitive to 
changes in x (c). The mean equation obtained by this is 
a = 1 O v  b(u^
(3.110)
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where
a = To** IT . y (n) .d-E (3.111)2pw^2 fF
Eq. 3.106, 3.107, and 3.110 are the basic set of differential 
equations for the Craya-Curtet approximate theory of enclosed 
jets.
(a) Free jet issuing into stagnant surroundings 
Here, eq, 3,107 is not required; eq, 3.106 becomes
2 _ T,- _ 6+1
where
K V  ^ V  <5. 112)
- momentum coefficient of nozzle 
u^ - nozzle velocity 
r^ - nozzle radius 
Eq. 3.110 reduces to
" 2I6TÏT ■ (3.113)ro
For o = constant ; combining the equations gives
(3.114)
r _a+i
I T  - IT r ( 4 a x ) ® + ^
Which is an expression for axial velocity decay. The value 
of a generally lies in the range 0 .034>c>0.030 
(two-dimensional jet) and (jar 0.285 (axisymmetric jet).
(b) Free jet in moving stream
u^ = constant, so eq. 3.106 is integrated exactly to give
^a^m ^ ^m^ “ ^a^ (3.115)
for the axisymmetric case. H^ ‘ is a reference length, so 
that r/H^ can be made explicit as
r/Hi =  ^ (3.116)
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Having replaced r/H^ , a curve for odx/H = ^(u^/w^)
is obtained from eq. 3.110 by integration
Curves for u^ /w^  ^= f(%) are plotted by Craya and 
Curtet; comparison is good with the curve predicted by 
Squire and Trouncer.
(c) Enclosed Jet in a Duet of Constant Height.
6* is assumed much less than L ; n^ from eq, 3.107 is 
substituted into eq. 3.106, when integration gives
„ I + R + K.  ^ = m
° (3.117)
This equation is of the most relevance to the cement kiln
case, and can be written now in the form used throughout 
this, work as
m = - 4 R: + R + K ,R2 (3.118)
Where q/Q=R, and K is a shape factor for the velocity profile 
The parameter m, when evaluated at the nozzle section is 
thus a similarity factor for an enclosed jet, and is termed 
the Craya-Curtet similarity parameter for enclosed jet 
systems.
Some references (62,65) have quoted K as being the 
ratio of momenta; this is not so, since the momentum 
coefficient is the factor noted above.
Patrick (86) has indicated that at the nozzle K is 
approximately unity ('top-hat* velocity profile), and this 
is borne out by numerical analyses carried out in this work.
Craya and Curtet have shown that a characteristic of 
two dimensional jets in oscillation, and that oscillation 
period is governed approximately by the expression
T” = 50D* (3.119)
- 88
In their studies, the characteristics of enclosed jets were 
described, and recirculation discharge, qr, is evaluated as
qr = Q.(R-l)j(r_/L)%/l. log (r_/L)(R-l)l 1-1/ 3.121Rwith the zone of recirculation lying between points N and C, 
defined in figs 3.11, 3.12.
The point P where the jet impinges on the duct wall 
is not necessarily defined by the theory of Craya and Curtet 
and as a generalised flow pattern as shown by Hedley and 
Jackson may occur, (fig.3.13).
Craya and Curtet also show that it is possible to 
obtain an equation of the form
e.m& = f(8,r^/L) (3.122)
Which may be expressed in graphical form (fig.3.14). Thus,
when r /L = 0 o
0 = m''^  (3.123)
This equation expresses the relationship between the 
Thring-Newby and Craya-Curtet theories, at the condition 
when the jet must be considered as a point source.
The equation was found to remain accurate to within 
1% as far as 0.027<r^VL<0.09. Later work (38,49) has shown 
the upper limit to be high. It should not be greater 
than 0.05.
The relationship and value of K, is described in 
App.VI using the approach due to Patrick, mentioned above.
The value of m varies from zero to infinity, but 
recirculation increases as m increases, occuring initially 
-when m:^ 0,92 (two-dimensional jet) and m^ - 1.5 (axisymmetric 
jet.
Further definitions required to complete eq. 3.118 are
q = (3.118a)
• *i i'- '
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and Q = ttu^(L“6*)^ + q (3«ll8b)
whence it is possible to find R.
Considerations regarding 6* the boundary layer displacement 
are given in Appendix II.
3.3*5 Theory of Becker.
Becker has attempted a rigorous treatment of the enclosed 
turbulent jet system. He shows that the aerodynamic flow 
pattern of confined turbulent jet differs profoundly from that 
of a free jet, especially when the flow of ambient fluid is 
too small to satisfy the entrainment capacity of the jet 
and recirculation takes place. The turbulent jet is an 
example of free turbulent flow, and the velocity gradients 
are not generated or stopped by solid boundaries.
The fact that the mean velocity of a fully developed 
pipe flow maintains a shape which is invariant with respect 
to position is well known. Although jets (and wakes^ which 
are similar type of flow) have no solid boundaries., they 
exhibit this property, which is known as 'self-preserving'. 
This term indicates internal similarity within a system. 
Self-preservation indicates a symmetry in time., and implies ^ 
as Spalding has described, that the development of flow is 
independent of its history, adjusting from instant to 
instant, A jet is said to become self-preserving at about 
10 nozzle diameters from the nozzle exit plane,
Becker has produced the first of a family of closely 
related similarity parameters, from a consideration of the 
thrust integral of the jet i.e.
/o^'' (pu.2 + p -p )dr^8,1
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and ti^ e kinetiç flow integral 
/o^ u.dr%
at the initial section of the jet where x=o.
These integrals lead to the definition of the dynamic 
mean initial velocity.
Whence,
 ^  ^ °a (3.124)rrpT
and the kinematic mean initial velocity as
1 L"
"k = L= "x=o
whence
= Mg + ua (3.125)-2ITRt^
The kinematic mean velocity may also be expressed as
= ((^q /Pq) + (3.126)
which is slightly more convenient for calculation purposes.
A similarity parameter, termed the throttle factor, is 
then defined
Th = 1 u.72 • ^  (3.127)
This is defined as lying in the range 0< Th<l, whereas the 
Craya-Curtet parameter, to which it is related lies in the 
range 0<m«». The relationship between the parameter is 
given by
m = I . (Th‘ -1) (3.128)
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This approach treats the jet as a point source, and rejects 
the importance of r^/L at distance greater than 10 nozzle 
diameters from the inlet plane. At points closer to the 
nozzle than this, or in cases where turbulence studies are 
being considered, then the effect of r^/L is greater. These
fgeneral outlines are also followed using the approach of 
Craya-Curtet (sect.3.5.5).
Becker et al have also derived a similar parameter, 
using a mere general approach, but again considering the jet 
as a point source. The concepts of dynamic mean velocity and 
kinematic mean velocity are retained, but they are used to 
define a characteristic stream velocity which closely 
represents the performance of a confined jet; this is the 
velocity u^*, given by
Uq* = (3.129)
Now, from above (eq. 3.128, we haveI (2 Ugm = ~ u,^ - 1) (3.130)
thus
1m^ = /Cu^2-&u^2)/u^ (3.132)
Becker et al use this as a basis for their most recently 
presented similarity parameter C^, where
u^* (3.133)
This similarity parameter is termed the Craya-Curtet number 
by the authors in recognition of the early treatment of the 
enclosed jet system by Craya and Curtet,
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The physical significance of is easily appreciate^. 
For a point source, we may write
u^2 = (GgVnpLZ) + (3.134)
where u^  ^is the velocity of the free stream at the inlet 
plane; from this
(3.155)
For a cylindrical enclosure, u^ is the space mean velocity.
The ideal point source jet is defined as one which supplies
finite momentum flux, G^, but zero mass flux. With such a
source, u, = u. . If G is finite, but u is zero, then K a,o o a,o *
is also zero, and we have the case of total recirculation, 
since the jet is supplied with no secondary fluid. On the 
other hand, if G is zero, while u_ is finite, then C. isO d., O "C
infinity and the flow is uniform throughout the duct. 
Experimental work has shown that recirculation is limited 
to C^<0.75.
So far a given r^/L, is a unique parameter of dynamic 
similarity for jet type flows, i.e. when
° "o (3.136)
and is in the range
(r^/D/d-^r^^/L^ ) ^ <: <« (3.137)
The condition u^ describes wake type flow, and generates
imaginary values of C^.
Becker et al defined also laws for radial and axial 
growth of the jet; found that above 3.0 x 10^ Reynolds 
number did not affect the jet, and produced, an equation 
governing the quantity of fluid passing through the 
recirculation eddy
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Qeddy = 0-32 ~ 0-430^ (3:l38)
The surface of the eddy being defined by u =0. i.e. zero 
mean velocity,
Becker also defines some recirculation concepts in terms 
of the throttle factor, Th, Recirculation occurs when Th is 
small (no recirculation when Th >0,4), or when m is large.
The dynamical factors affecting recirculation are given as
(3.139)
and
G^/irpu^^L^ (3,140)
3.3.6 Comparison between the Parameters
Squire and Trouncer, who considered ideal point sources 
only, concluded that similarity of jets in moving streams 
depended upon the ratio u^/u^ (X). F orstall and Shapiro (48) 
and Landis and Shapiro (8?) concluded that in their 
experimental range, where r^/L was constant, similarity 
depended upon the parameter u^/u^ (VX), and not on r^/L,
However, these results only applied at high values of 
(low values of m) when the jet system would represent a 
free jet, like that described by Squire and Trouncer, rather 
than enclosed jet,
Thring and Newby, whose parameter has been most widely 
used in furnace work (sect, 3.3.2), can be written as
® = %   ^“a / P o V  (3.92)
%  - L i p
which, for a constant density system be re-expressed as
26 = "o + nPUaL _ (3.141)
which is the same as
0 = (G^/npu^ZL:) (3.142)
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Thus 3 the theory of Thring and Newby is comparable to the 
theory of Becker when
«0 >> «a
V7hen its value approximates to Th/2, When G^>>G^ (Th2<<l), 
which is the condition for recirculation to occur, then 
is clearly a parameter suitable for correlation of recirculation 
recirculation patterns.
Expression 3,142 may be simply derived:- 
Prom eq. 3.139, we have
Vpu^%.1/ “ npu^^.L^
2
(ih^  'iïU^ L^  ) ,L 
p]
When p^  = P^=P, we multiply through by p and r^ to get
"o
( m p - f p + T T U a L ^ r p )  .L'
«0
“p^ "*a
_2= 8
Hence, eq. 3.142
Expression 3.140 may similarly be shown to reduce to 
iTpu.  ^.L^  o,r^^+L^_  p
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The parameter of Craya and Curtet is also suitable 
it may be shown that
m = i  • (Th"'-1) = °o * _ i (3.143)1tpUj^ 2L2
Relationships between the various parameters are shown below 
Thring - Newby (constant density):-
6 = '’o (3.144)
Craya-Curtet (point source):-
la = - i  R2 + R + K.R2 (3.118)(r^/L)2
Becker Throttle factor: 
Th = 1  un? _k (3.127)
Becker .et al: Craya-Curtet number 
’tCh- = "k (3.145)
These parameters are all interelated by the following 
equations, some of which have appeared previously
0 = m"^ (3.123)
m = J(Th" -l) (3.128)
' TTTe^)^ (3-146)
C = 1 (3.147)/m
= 0 (3.148))
A further expression for Th, given by Becker is useful, 
as it expresses the parameter only in terms of velocity 
ratio and size ratio
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This can make calculations easier when only limited data is 
available.
A basic difference between the work of Thring and Newby^ 
and that of Becker and Graya-Curtet^ is that for similarity 
of mixing and expansion the Thring-Newby parameter contains 
the equivalent nozzle diameter d^o^ where as the theories 
of Craya and Curtet and Backer allow the nozzle to be scaled 
directly since the jet is treated as a point source.
3,3.7. Conclusions
Nozzle scaling presents one of the greatest difficulties 
to the modelling of furnaces. Since the burner (jet) stream 
in the model is a simple homogeneous fluid issuing from a 
plain nozzle3 it is not possible that this should be able to 
represent accurately the flame in the real furnace which 
undergoes changes in temperature^ composition and degree of 
homogeneity at carying rates depending on the system. The two 
systems are very different, so it is not possible to obtain 
full similarity of the jet system in the model and the furnace
A number of options are available in sizing the nozzle. 
The first of these is to scale the nozzle directly, applying 
no correction factor. The result of this is that the 
entrainment of the model jet does not represent that of the 
furnace exactly, since the temperature rise is rapid in the 
mixing zone of the jet, resulting in decreased pressure and 
increased velocity gradients and turbulence in the burning 
jet compared to the isothermal jet.
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The second option is to apply the Thring-Newby correction 
to the nozzle, described above, which distorts the model- 
nozzle to permit closer similarity with the real furnace, due 
to the expansion of the jet caused by the temperature rise 
effected by combustion. This approach can only be used when 
r^VL< 0,1 (some give r^VL<0.05), or when the nozzle size is 
small compared with the confining space,
The other theories of similarity for enclosed jets, due 
to Craya-Curtet, and Becker, adjust the flowrates in such a 
way as they are able to predict the position and size of 
recirculation. These theories a.re applicable to cases where 
the size of the nozzle is comparable to the size of the 
confining space.
Davison (88) has reviewed the situation, and has put 
forward a further solution to the problem, by scaling the 
nozzle directly and placing a wire guaze in front of the jet 
in a position corresponding to the flame front. This reduces 
the momentum flux at the flame front to the correct level.
This approach has produced acceptable results, but evaluation 
of the system requires a knowledge of a large amount of data, 
which is not always available.
3.4. The Work of Ruhland (14,?2,73)
Ruhland has carried out a comprehensive series of 
studies to determine the length of a turbulent diffusion flame 
in an enclosed space| the work was carried out with particular 
reference to the rotary cement kiln.
The length of the flame was obtained from model studies 
using the acid/alkali plus indicator technique discussed in 
Sect.2.1. The strength of the alkali in the jet was 
adjusted to represent the effect of having varying amounts
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of primary and excess air, and the, length of the flame was 
taken as the distance in the jet for the thymolphalein 
to be discoloured. Since the system is in the dynamic 
regime of combustion, then the length of the flame should 
be equal to that required for mixing to stoichiometric 
conditions, when combustion is assumed to be instantaneous. 
That is 5 the system controlling factor is the mixing rate of 
fuel and oxidant,
Ruhland uses as the starting point for his theoretical 
derivation the equation of Traustel (89) for the length of 
a freely burning turbulent jet flame, i.e.
/ 1 = A /§ + <3.150)
free jet )
With a value of A = 9.62 this gives the flame length with 
reasonable accuracy.
A free flame, in general, is diffèrent from one which 
is burnt in the cpnfining space of a furnace. Thus, a 
different value of A must be used to define the length of 
an enclosed flame, with separately supplied secondary air 
and fuel.
The difference in length between the free and enclosed 
flames can be represented conveniently as
Y M  . / M  - V f
This flame length difference can be represented as the 
product of various combustion change parameters compared with 
free jet parameters raised to exponents, i.e. an equation of 
the general form shown below may be used:-
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The parameters may be used as base factors (X,Y etc.) or 
as exponents etc).
The stoichiometric air condition may be represented by 
the air factor n. An important factor controlling flame 
length is 1/(n--l),where n - 1 is a measure of the excess 
air.
When the excess air is zero.
n - 1 = 0  (3.153)
then, it is assumed that the flame becomes infinitely long 
in the enclosing space. Hence, we may write 
1n %  = (3,154)
The mass flows, again important in determining flame length, 
are written as a ratio, where m^/m^ is the ratio of secondary 
to primary mass flow rates. The geometric factor in the 
enclosing space is represented as (D-d^)Zd^,
If constant values of m^/m^ and (D“*d^)/d^ are used, a
plot of log (l^Vdg) versus log (1/n-l)) gives a straight line 
when A is made equal to 3.21, This value of A was found by 
iterative calculation.
Using this value, with values of A (1^ ,/d^ ) obtained from
eq. 3.151, a straight line plot was produced from the 
modelwork results, with slope of 0.442. Hence,
log A/1^^ 0,442 ^ 1  ^ + constant
o (3.155)
- 103 -
This was obtained with m^/m^ and (D-d^)Zd^ constant. Now,
the constant in eq. 3-55 must contain some measure of these 
flow and geometric parameters. Now, if n is made equal to 
2,
log / 1 \ = 0  (3.156)(À)
and, we get
log A/1^''^ = constant = f(m Zm (D-d_Zd )
(3.151)
Now, for n = 2 and (D-d^)Zd^ = const, we have
log (3.158)
■ V » ;
Plotting these conditions produces on semi-log paper, a 
straight line graph for constant (D-“d^)Zd^ values, and the 
equation becomes
logA^l«\ b + m^ tan (3.159
4=2
which describes a band of straight lines, having slope tangi 
and intercept b.
A relationship between tana^ and the geometric parameter 
may be obtained, having the form
log (tan a M  = - 1.245 log j + log 0.92 (3.160)
or
tan a‘ = 0.92 ‘ ’ (3.161)
l - V /
A relationship may also be found between b and the geometric 
parameter, having the form
b = 0,0457 / D-d^\ O.587 (3.162)
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Substituting for b and tan in eq. 3.159, when n=2 is .not 
a required value, gives
log A /l.\ 0.442 log 1 . 0 . 9 2  A  / D - d
U )  ■
4- 0.0457 /D“d \ + 0.587 (3.163)/D-do\ 
("do /
Combining this with eq. 3.151, with A = 3.21 gives 
final equation
+ 3.862 / _1 exp C2 . 1 2 m / a ' ^ •2'*5:
( " - V  I m;(D::âe,
exp jo.l052.^D-dg^j (3.164)
This is the equation of Ruhland for the prediction of the 
mixing length of enclosed turbulent jets.
For application to burning jets, Ruhland introduces 
the factor K, to allow for density changes. ^%ere K is given 
by
K = m^ + (3.165)
(^o/Pp + VPaVPf 
The factor K is directly related to the theory of Thring and 
Newby, as can be easily shown.
Now,
""‘o = "’o / f o V  (3.166)
(Pf/
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where r i s  the equivalent nozzle size. So, the Thring-Newby
parameter may be written as
. /£°^0+4%! . /o_\ ^%  / 2L ( Pf
î h Ü h ' V  !o /Po\
*a } { Pf / (3.167)
If we now consider /K, when then
/K Y  (3.168)(^ '1Pf
Hence, it can be seen from Ruhland*s equation 3.164, that
1. /K
W~
3.21 I , Bp , 3.862
(3.169)
where
a = 2 .12,/m^'\ / d (3.169a)
b = 0 . 1 0 5 2 . / D - d \  • (3.169b)
I " J
Now, the nozzle diameter, d, may be seen to become equal 
to the equivalent nozzle diameter, since
<3*0 = /PqN' = d. /K (3.170)
[ ~ r j
So, the work of Ruhland is seen to embrace the Thring-Newby 
equivalent nozzle size concept.
The nozzle sizes used in the modelwork of Ruhland lie 
in the range
0.0726 < r^i/L <0.1853
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which is outside the range of true application of the 
Thring-Newby parameter, as indicated by previous workers.
Ruhland also employed Reynolds similarity in his work, 
keeping Re^/Re^ ^1-2, The value of Re^ is given by
11,900 < Rdp < 58,900
which represents a fully turbulent system.
3.5 Buoyancy in Furnace
Although a considerable amount of work has been carried 
out on vertical buoyant flames in furnaces (28) little work 
of practical use has been done on the prediction of the 
paths of near-horizontally projected buoyant flames in 
furnaces, where the flame is projected into an enclosed 
space, near a secondary air inlet. The initial work of 
Groume-Grijmailo, Davis and Rosin has been discussed by 
Thring (43).
Later and improved treatments have been reported by 
Bosanquet,Horn .and Thring (27,^ '0) and Field et. al.
These are discussed and used below.
3.5.1, Theories of Jet Path Prediction in Buoyant Systems.
Groume-Grijmailo made the first attempt at prediction
of the jet path in such systems, basing his analysis on the
theory of projectiles; modelling studies involving
kerosene/water mixtures were also carried out. The equation
resulting from this is:-
H- = s in :  6^ (2?3+T^) ( 3 . 171)
2g ( T‘f--Tg)
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•=■ height of jet above furnace floor. 
Jet temperature
T - surrounding temperature
6^ “ initial angle of projection below^horizontal 
u^ “ Jet nozzle velocity
This approach, however, neglects the mixing and entrainment
of the jet (91).
Davis has shown,assuming the jet to spread as a 
core of included half-angle 7^° to 10| degrees, that the 
axial velocity may be expressed as
“ax ■ “o (3.172),X + 2
u^^ = axial velocity
d^ = nozzle diameter
The path of the jet must depend upon the decreasing 
axial velocity and the buoyancy forces. For the case of a
jet projected into a chamber at angle to the horizontal'
Davis shows that the jet path may be described by:-
y = A.v^^y + X tan (3.173
where
A = x(x+ 4 d^ . cos I \ (3.174)
17. a. d^
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T initial jet temp. 'A
- temp, at point
- velocity at point x^y
a - jet constant
In the case where the jet enters a stagnant space, and is 
acted upon by a buoyancy force ( (pg“p^ )/p^ ,) ), g, the jet path 
is given by Davis as
y = A./a Pg-Pf + v\+ X tan i(ig (3.175)
Pg - density of gases surrounding jet 
p^ “ density of gases in the jet
These formula were verified experimentally by Davis, with 
reasonable agreement. Gray and Robertson (25) have also 
studied the problem and produced an equation, which is not 
included here.
Horn and Thring have produced an equation for the 
prediction of the path of a jet projected horizontally 
(^^=0) into a moving stream. The expression was derived using 
experimental data obtained by projecting a jet of magnetite 
slurry into a moving stream, and so getting an inverted 
representation. The equation can be written in several ways, 
(26), to give the vertical jet displacement.
z'= 0043.g(Po-Pg).Do /Pg 3/,
n
XD _ 7.91 . S, XDp
+ 83.3 Pg S' 439/P3 3/,
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log e/5.27.S (3.176)
As the density depends upon the absolute temperature, this 
equation may be re-written
_ O.OH'i.g. (T^-T^).D^ /T 3/,
D o su. T
X 7.91
+ 83.3. Tq . N‘
T;
3/.X 439 / ’V \  ^
T.
log e /5.27.N, I  -i);
S /
(3.177)
The formula may be abbreviated when x/D^ is large, i.e. at
points distant from the point of projection
or
I 0.043 g.s.D
0.043.g.N D,
3/2 \ 3 (3.178)
T 3/o (3.179
T
T
- absolute temp, of surroundings 
initial abs. temp, of flame
N = T -T /T 8 0 0
Use of this equation allows predictions to be made for 
small jets passing into a relatively large space.
This work was later expanded and improved by Bosanquet, 
Horn and Thring, but they gave the jet path in a tabulated 
form, and, not in a useful analytical form.
The most recent work is due to Field et al, who derived 
the equation
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y = X tan j . x^.sec^ (3vX80)
where
3 = 0.140.g. (p^-Pq ) Pa
do'Uo'-Po'COS ^ (3.181)
i|) = angle of elevation of the jet 
These equations have been used to attempt some prediction of 
the jet path in a cement film. The drawbacks of such an 
application are immediately apparent. The above equations 
apply to relatively snail jet issuing into a large space, 
which is not the case in the rotary kiln. However, at this 
stage, no other suitable formulae are available.
3.6 Note on Model Similarity
Model similarity has been discussed in the writings of many 
authors such as Spalding, Beer, Thring, which have already 
been mentioned (Sect.2.), and has been commented on fully 
by Johnstone and Thring, who use the concept of regime 
of combustion to elucidate the processes to be modelled 
(sect,2.5).
3,6.1. Approach of Winter
Winter (sect,2.1) has provided a useful approach to initial 
modelling techniques, using dimensional analysis
(P (^,D,v,f,g,u,R,S) = 0 (3.182)
Treatment of this expression produces the well known
dimensionless groups, the Reynolds and Proude numbers,
v!gDPr = (3.183)
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and
Re = v.D.p (3.184)
y
Having obtained accurate geometric similarity, it is then 
necessary to produce reasonable dynamic similarity.
This may be attained by ensuring that the Froude and Reynolds 
numbers are the same in the model and in the prototype. 
However, this is not possible in the case of furnace 
modelling, since these parameters will vary naturally from 
point to point in the furnace. Rigorous use of the similarity 
requirements implied by both these groups would produce a 
model operating at high velocities and with inflexibility, 
a situation which is not acceptable.
Winter has pointed out that it is considered satisfactory 
in all cases where the fluid has its controlling boundaries 
at infinity or at solid surfaces to maintain the Reynolds 
number constant, neglecting the value of the Froude number. 
This procedure has been widely adopted by authors quoted 
previously, and is to be used in this work.
3.6.2, General Rules For Modelling Furnaces with Enclosed
Turbulent Jet Flames
For furnaces such as these, operating in the dynamic
regime, it is possible to draw up a simple generalised
procedure for modelling. This is given below;-
(i) Obtain flowrate, temperature profile and design 
data for original furnace,
(ii) Evaluate Reynolds number rh^ge, and Thring-Newby, 
Craya-Curtet and Becker similarity parameters.
(iii) Set up isothermal modelling system.
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' “ il(iv) Keeping the minimum value of Re > 10 , evaluate 
the flowrates using a suitable similarity parameter to 
describe the enclosed jet flow.
(v) In taking results, and making conclùsions allow 
for effects such as buoyancy, chemical and physical changes 
if these are important.
This procedure is followed in the work carried out here.
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SECTION 4.
FLOWRATE CONSIDERATIONS AND 
DATA ANALYSIS.
4.1. Flow Considerations in Real Kilns.
Despite the availability of standard texts 
on cement manufacture such as Blanks and Kennedy (92), and 
Davis (63)3 the amount of data relating to fluid flows 
within the cement rotary kiln is almost negligible.
The classic research work of Gygi (69) 
and of Anselm (94) have improved the available knowledge 
of the thermodynamics of the cement kiln process, but 
do not comment upon fluid flow characteristics of the 
system.
The most recent treatment of the rotary 
cement kiln system is due to Weber (95)3 who provides 
useful gas condition and velocity data for the length 
of a wet process cement kiln. This data has been used 
as a basis for the initial analysis of the kiln system.
The information used is given by Weber as Tables 18, 39 
and 40.
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4.2. Density and Viscosity Variations ; Webers' Data.
The density and viscosity, together with the 
Reynolds and Froude numbers, were calculated using the 
gas analysis data of Weber, and varying the temperature 
of the system so defined between 300°C and 2100^0, which 
are the temperature limits likely to be encountered in the 
kiln system. (University of Surrey Computer Programme 
K072).
Reynolds numbers are found to lie in the range
4.0 xlO** to 3.5 X 10®; a prototype furnace mean velocity 
of 20 ft/sec being assumed, producing a mean Froude number 
of 1.24.
The viscosity of kiln gases was found to lie 
in the range 1.22 x 10  ^ cP (300°C) to 1.03 x 10  ^ cP 
(2100°C), thus defining a range not stated previously.
If one considers the Froude and Reynolds groups 
it may be seen that these may be kept constant by distortion 
of the diameter to produce the velocity defined below
Vpr.Re = g 4.IP
This must be applied to each section of the model. The 
approach indicated by this, is, however, difficult to 
reduce to real terms when used in a model.
The other theoretical way to keep these groups
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constant is to have a correctly scaled diameter, and to 
control the flowrate in each section. This approach is 
however, not feasible in practice.
4.3. Variation of Kiln Velocity and Reynolds Number.
Following the approach of Winter (sect. 3.4), 
the Froude number was neglected in the kiln model, and 
dynamic similarity ensured using similar Reynolds numbers 
in prototype and model, i.e. the ratio of dynamic to 
inertial forces is kept the same in prototype and model.
The Reynolds number range in the model was 
calculated (University of Surrey, computer programme 
K074), together with the variation of velocity profile, 
using the data of Weber.
The results are shown in Fig. 4,1. The velocity 
curve is similar to that shown by other workers (43) who 
have made similar studies. The curve showing Reynolds 
number is of interest; it indicates that the Reynolds 
number values vary from 1.0 x 10® to 4.0 x 10® along the 
kiln (the first figure is similar to that calculated from 
initial assumptions in App. Ill), with the maximum values 
situated towards the cold end of the kiln. The Reynolds 
number value is in the more closely defined range,
1.0 X 10® to 2.0 X 10®, for nearly 70% of the kiln length.
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The jet effect is not shown in the Re plot, 
although it must have some influehce near the burner pipe 
i.e. where the velocity falls off.
4.4. Initial Modelling Procedures.
Up to this point 5 industrial data had not 
been used to attempt to obtain modelling data. Using the 
information noted above, initial model designs were produced 
The details are shown in Appendix III, and the salient 
points presented below (sects. 4-4,1. and 4.4.2).
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4.4.1. Water Modelling - Initial Calculations.
Nozzle Scaling - using Ruhland^s data (conversion to 
equivalent oil firing).
Ruhland gives the example of a kiln using 
2.2 metric tons/hr of coal. Assuming a calorific value of
13,000 Btu/lb, the following flows may be found, using 
an equivalent oil heat input (App. Ill, C.I.).
Primary flow 4.85x2000 lb/hr = 264,000 ft^/hr air(p = 0.0486 lb/ft3)
Secondary flow 17.50x2000 lb/hr 5 815,000 ft^/hr air
(p31goc= 0.0368 Ib/ft^)
Oil (fuel) flow:-1.68x2000 lb/hr = 46.4 ftVhr (oil)
(pQii = #2.5 lb/ft*)
The heat input is near the figure of 10®Btu/376 lb, 
indicated by previous studies. Assuming 15% excess air, 
and 25  ^of the theoretical air as primary, then the mean 
kiln velocity can be found. Also assuming a mean kiln 
temperature is of 1350°C, the kiln mean velocity is found 
to be 13 ft/sec. (10’ dia), which is slightly lower than 
has been quoted by other workers who give kiln mean velocity 
values of around 20 ft/sec. The mean Reynolds number 
under such conditions is found to be about 10®, which 
compares well with the data of Weber (Fig. 4.1).
The initial considerations for nozzle scaling 
are shown in Appendix III, and the resulting sizes and 
operating conditions were used in early test runs on
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the first Water Model W.M.I.-, before industrial data was 
available. The nozzle size (r^) was set at 0.232” for 
the first tests.
4.4.2. Air Modelling - Initial Calculations.
From the calculations of Appendix III, 
the value of the mean Reynolds number for the rotary kiln 
has been shown to be 6.4 x 10 ,^ which is in agreement 
with the figures shown above.
It was found, however, that if it was 
attempted to keep the value of Reynolds number in the 
model at this value, excessive operating velocities were 
encountered. Consequently, the models were operated 
under reduced conditions, with the Reynolds number in the 
test sections kept above 2.0 x 1 0 in all cases.
4.5. Analysis of Industrial Data I.
To overcome the lack of working data 
relating to the operation of rotary cement kilns, some 
useful information was made available by APCM Ltd (96)*
This was analysed (University of Surrey; Computer 
Programme KO?B) in such a way as to produce the information 
required by a generalised approach to modelling set out 
in sect. 3*6.3. previously. As a result of this analysis
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it is possible to operate the models used over a satisfactory 
range to represent various types of rotary kiln operation.
The following data was supplied for each kiln,
(i) Output/running hour - (cwts)
(ii) Coal fired - (standard)
(iii)Kiln carbon dioxide - % ))(iv) Kiln carbon monoxide - % ) Exhaust)(v) Kiln oxygen - % )
(vi) Internal kiln shell dia. - (ft.)
It was necessary to make several assumptions, 
based on related information, in the light of incomplete 
data. These assumptions are listed below
(i) Jet velocity - 180 ft/sec (stepped to300 ft/sec)(ii) Flame temperature I8OO C.
(iii) Secondary air temperature 400^C.
(iv) Nozzle air temperature 220^F.
(v) Coal moisture, as evaporated, 10%
(vi) Primary air ~ 25% of theoretical air.
(vii) Bricks in burning zone are 7” thick.
Using these, it is possible to produce from the data 
available, information on kiln mass flows, excess air 
figures, size ratios and to evaluate the flow similarity 
parameters of Thring-Newby, Graya-Curtet and Becker described 
previously. The information generated by the analysis 
is listed and discussed below..
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One further parameter required to complete 
the data is the coal ’as-fired’ analysis. Again, this is 
a difficult figure to evaluate, but industrial practice 
appears to be to fire with a coal lying between the limits 
of composition set by National Coal Board Rank numbers 
of 401 and 802. The analysés of these coals (Spiers (97) 
p. 298) are shown below.
401 802
Moisture % 9 16
Ash % 8 8
Carbon % 71.6 61.3
Hydrogen % 4.3 4.0
Nitrogen % 1.6 1.3
Sulphur % 1.7 1.7
Oxygen % 3.8 7.7
The analysis was carried out at velocities 
from 180 ft/sec to 300 ft/sec (to investigate the effect 
of variation of jet velocity) and using both 401 and 802 
coal analyses. Data for 59 industrial kilns was used, 
resulting in a wide range of actual kilns.
The basis of the analysis is a simple 
combustion calculation to obtain the percentage excess 
air, and subsequent computation of the values described 
above. Tabular results. Tables 4, are shown in 
Appendix VII,
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4.5.1. Output Data; Flow Rates, Velocities, Excess Airs 
for a 401 coal and a velocity of 180 ft/sec.
Table 4.1 shows the figures obtained for flowrates 
of nozzle air, secondary air and fuel fired, together with 
the excess air figures. Table 4.2 shows the primary and 
secondary velocities, and the ratio of these for each 
kiln considered. Several interesting points arise from 
these results.
Firstly, although the kilns vary in size, 
feed and location they all operate under similar excess 
air conditions. In fact, they operate exclusively in the 
range 1.46<% excess air<10.84. (Kilns no. 42, 43, 44, 49,
54 and 55 are special cases and should be disregarded).
Reference to Fig. 4.2 shows clearly the distribution of 
excess air, and Indicates that the majority (approx. 90%) 
operate in the range 2 - 6 %  excess air.
Secondly, reference to Table 4.2 shows that 
although the primary velocity is assumed, the ratio of 
primary to secondary velocities (u. /u^) may similarly be 
closely defined. The distribution of velocity ratios is 
shown in Fig. 4.3, and it can be seen that the ratio lies 
in the range 12 < u^/u^ < 40, with nearly 70% operating 
in the range l4 - 28 (u^/u^).
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4.5.2, Output Data: Size Ratios and Nozzle Size Data
for a 401 coal and a velocity of 180 ft/sec.
This data is shown in Table 4.5, and constitutes 
the next step in considerations leading to the calculation 
of flow similarity parameters.
The distribution of geometric (i.e. directly
sized) nozzle, to kiln size ratios (r^/L) is shown in Fig. 4.4
where the distribution is shown to be 0.06 < r /L < 0.11,o '
with the majority of kilns lying in the range 0.07 to 0.10 
(over 90%). The nozzle size is obtained from the calculation 
procedure by estimating the nozzle volume flow (including 
the coal and associated moisture) and sizing the nozzle 
accordingly. The mean value of size ratio appears to 
be between an r^/L value of 0.09 and 0.10.
The equivalent nozzle size is calculated 
according to equation 3.61, and consequently it is possible 
to find the equivalent size ratio (SR^) given by evaluating 
r^VL. The distribution of this parameter is shown in 
Fig. 4.5? where the range is shown as 0.16 < r^^/L < 0.26, 
with the majority (over 80%) being in the range 0.18 - 
0.22. The mean value of r^^/L appears to lie near 0.20.
The significance of the distribution and overall range of 
the equivalent size ratio is that the figures obtained 
indicate that the rotary cement kiln system lies outside 
the range of application of the theory of Thring and Newby 
(see sect. 5.3.2.). Use of this theory to scale the flow
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system would result in excèssive distortion of the flow 
patterns, particularly in the region close to the nozzle.
For this reason, the parameters of Craya- 
Curtet and of Becker will be used to describe and scale the 
flow conditions; this will be discussed more fully later.
4.5.5. Output Data: Similarity Parameters for Enclosed
Jets for a 401 coal and a velocity of 180 ft/sec.
This information is shown in Table 4.4., and 
includes the evaluation of the flow parameters of Thring 
and Newby, Craya and Curtet, and of Becker for each of the 
kilns studied. As can be seen, these results indicate 
that the kilns operate under a reasonably close set of 
conditions, and so it should be possible to reproduce a 
range of flow conditions in a model.
The range of the Thring-Newby parameter, 0, 
is shown in Fig. 4.6. This parameter is included, despite 
its lack of accurate application, since it can be used 
at this stage to deduce some useful points about the 
behaviour of rotary kilns . From this diagram it ca,n be seen 
that the kilns operate in the range 0.5 < 8 < 0.9? under the 
conditions set out above. Equation 3.91 and Equation 3.84 
show that recirculation falls to zero as 9 approaches 0.9, 
and m^/mg is approximately 0.5 when 0 has the value of 0.45,
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This indicates that the kilns are only moderately recirculating 
systems, and since over 70% of the kilns operate in the range 
0.6 < 0 < 0.8, then the value of m^/m^ lies in the range 
0.285 < m^/m^ < 0.085, again showing that the kiln system 
cannot be considered as having high recirculation.
Similarly, the distribution of the Craya- 
Curtet (Fig. 4.7) lies in the close range 2.0 < m < 5*0.
The kiln system approximates to an axisymmetric jet and 
this has been shown by Curtet not to give rise to recircul­
ation unless the value of the similarity parameter is above 
a critical value of m^ > 1.5. Hence, given that the total 
theoretical range of m is from aero to infinity, the degree 
of recirculation is again indicated as being slight.
The throttle factor of Becker, Th, lies in 
the range 0.30 < Th < 0.50. As recirculation is only 
predicted as being present when Th < 0,4., then with nearly 
70% of the kilns operating in the range 0.35 < Th < 0.45, 
the degree of recirculation is once again shown to be low.
Thus, all three parameters chosen to produce 
flow similarity in enclosed jet systems show from 
theoretical considerations that the recirculation in the 
kiln will be slight to moderate, with an assumed operating 
nozzle velocity of I80 ft/sec.
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4.5.4. Output Data; Effect of Coal Quality, Flow
Conditions using 802 coal and a velocity of 180 ft/sec
The results of carrying out the analysis using 
an 802 NCB rank coal are broadly similar to those enumerated 
above. The excess air figures are identical to two decimal 
places3 and will not be commented upon again (Table 4.5.).
The range of the ratio of primary to secondary 
velocities (u^/u^) is increased slightly (Table 46) to 
20 < Ug/u^ < 50 as shown in Fig. 4.9.s with a mean value 
of around u^/u^ = 25. Nearly 75% of the kilns operate 
in the range 20 < u^/u^ < 35 i.e. most kilns appear towards 
the lower end of the overall distribution range.
The geometric size range figures (Table 4.7) 
are shown in Fig. 4.10, and can be seen to lie in the range 
0.06 < r^/L < 0.103 which is roughly the same as that 
described above. The equivalent size ratio range is shown 
in Fig. 4.11g and extends from 0.14 to 0,24. This is 
again roughly as described previously.
The similarity parameters for enclosed jet 
flow are shown in Table 4.8, and the distributions of 
these parameters are shown in Pigs. 4.12, 4.13 and 4.14.
The ranges shown are essentially the same as those described 
previously3 and similarly the conclusions regarding the 
type of recirculation occurring are the same as those 
set out above.
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It may be concluded^ therefore^ that the 
effect -of; coal composition, although not negligible, is 
insufficient to alter radically the characteristics of the 
rotary kiln enclosed jet system.
4.5.5. Output Data; Effect of Nozzle Velocity. Variation 
of Plow Parameters with Assumed Nozzle Velocity.
Rotary kilns do not operate exclusively 
at primary jet velocities of I80 ft/sec, and consequently 
variation of the parameters discussed above will take 
place if the nozzle velocity is varied. In order to 
investigate this effect, an analysis was carried out for 
primary velocities of 180, 220, 250, 280 and 300 ft/sec, 
for both coals. The variation of flow parameters for 
six kilns 10, 20, 30, 40, 50 and 59 were selected as 
being representative, and the effect of the variation 
on the flow parameters is shown below. The kilns chosen 
have a geometric size ratio (r^/L) of 0.0635 to 0.0909s and 
so cover the range quoted.
The variation for the Thring-Newby parameter 
is shown in Fig. 4.15a and it can be seen that the overall 
range inclusive of the effects of both coal composition 
and nozzle velocity is defined by 0.37 < 8 < 0.78. This 
shows that the recirculation does rise with increasing 
nozzle velocity, but m^/m^ does not exceed 0.77 i.e. the
- 141 -
V a r ia t io n  of T h r in g - N e w b y  P a r a m e te r  with V e lo c i ty
401 Coal 802 Coal
F i g u r e  4. 1 5
0 . 7
20
30
20
30
0 , 5
59
40
59
nozz le  ve loc i ty  f t / s e c i _ _ _240 2600. 35 180 200 220 280 300
-  1 4 2  -
V a r ia t io n  of C r a y a - C u r t e t  P a r a m e te r  with V e lo c i ty  
—  401 C o a l ;   802 Coal
10 59
40
598
40
6
30-20
30204
2
180 200 220 240 260 280 300
nozz le  v e loc i ty ,  uo f t / s e c  
F i g u r e  4. 16

144 "
amount of recirculated fluid does not exceed 775^  of the 
nozzle flow. Again, as the nozzle flow is generally 
between a  ^ and a l/5th of the total mass flow input, 
recirculation must lie between about 38% and 16% of the 
input,
The Craya-Curtet parameter varies as shown in 
Pig. 4,163 where its overall range is given by 2.0 < m < 10.0. 
For the reasons given in sect. 4,5,3.s these figures indicate 
that the system is not highly recirculatory,
The Becker throttle factor variation is shown 
in Pig. 4.17 and its overall range is given by 0,33 < Th < 0.49
In general, it may be concluded that the effect 
of increasing the nozzle velocity in a particular kiln 
system is to increase the recirculation. However, the 
degree of increase will depend upon the particular system 
considered, and it appears that the results of this analysis 
indicate that the kiln system is to be regarded as having 
slight to moderate recirculation.
4.5.6. Note on Equations used to Evaluate Flow Parameters
Several values of flow parameter are shown 
in Tables 4.4 and 4.8 i.e. one Thring-Newby value, two 
Craya-Curtet values and four Becker throttle factor values
- 145
These are evaluated according to the equations 
shown in Sect. 3.3.
The Thring-'Newby parameter is evaluated using 
equation 3.77, as this is the one most commonly quoted 
in the literature. Only one value of this parameter is 
shown in the analysis as it was only intended for use as 
a guideline, and to calculate recirculation values, and 
not as a flow scaling parameter.
The first Craya-Curtet parameter, m, shown 
is evaluated using the standard equation given by these 
workers (Eq. 3.117). The parameter, is intended as a 
comparison factor between the Thring-Newby parameter and 
the Craya-Curtet parameter, and is produced using eq. 3*123. 
Reference to the figures shown will reveal that the 
correlation is not exact in practical application, but the 
figures are of the correct order.
Pour Becker factors are shown in the tables 
mentioned. The first of these, Th, is evaluated using 
the standard equation, eq. 3*127. The parameter designated 
Th (m) is evaluated using eq. 3.128, and is intended as 
a comparison between the Craya-Curtet and Becker factors; 
the parameter Th(m’) is again evaluated using the same 
equation, but uses the value of m derived from the Thring- 
Newby parameter. Hence, these two are for comparison purposes 
Correlation is again shown to be of the correct order.
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but is not absolutely accurate in application to a real 
system.
The fourth Becker factor is evaluated using 
the special equation, eq, 3*149, which gives Th in terms 
of velocity and size ratios only. This factor, Th (VR) 
appears comparable to Th(m) and hence to the Craya-Curtet 
parameter with fair accuracy, (i.e. accurate to 2 d p ).
This form of the equation is most useful, as it allows 
the value of Th to be quickly established from plant details 
(see sect.3.3*6.).
The Becker throttle values are included in 
detail as this parameter has not been extensively used 
in application to furnace scaling. This initial attempt 
shows that the factor compares satisfactorily with the 
Craya-Curtet parameter, and so could meet with wider use, 
especially in the size/velocity form of eq. 3*149*
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4.6. Analysis of Ruhlands Isothermal Model Investigation 
Data.
Ruhland carried out a series of 84 experimental 
runs 5 and these may be used to evaluate the flow similarity 
parameters in terms of an isothermal system. Ruhland 
implicitly uses the Thring-Newby size distortion factor in 
his work (sect. 3.3.8,) and so the nozzle sizes must be 
corrected with respect to this before computation of the 
parameters.
Analysis of Ruhland^s results in this fashion 
(University of Surrey, Computer Programme K07J) in general 
bears out the findings listed in the previous section (4.5*)
The size ratio employed lies in the range
0.05 < r^/L < 0.11, which compares very well with the previous 
results,
Velocity ratios lie in the range 
18.68 < u^/u^ < 346, and so cover a much wider range than 
expected. However, the industrial data analysis would 
suggest that such a wide range of velocity ratios is 
excessive,
Flow similarity parameters again cover a 
wider range than expected, being 0.19 < 0 < 1.65;
1.09 < m < 84.9; and 0.07 < Th < 0.70. The analysis 
carried out here does not suggest that such a wide range
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of conditions be covered; also, Ruhlands data is not 
reported as being gathered from an industrial source, and 
so it is possible that an excessively wide range of operating 
conditions was used in his experiments in order to ensure 
full coverage of all possible system conditions, including 
those operated with natural gas flames which are generally 
admitted with high primary velocities.
4.7* Analysis of further Industrial Data II. (98).
A further set of industrial data was made 
available, but again unfortunately it did not include all 
the variables required to carry out a full analysis in 
terms of flow similarity parameters. This was analysed 
(University of Surrey, Computer Programme K07I). This time
data for 56 industrial kiln installations was used, all
long wet process kilns.
The input data, not the same as the previous 
data, included the following:-
(i) Clinker produced (tonnes/hour)
(ii) Fuel used (kcal coal/ kg coal)
(iii) Calorific value of fuel (k cal/kg coal)
(iv) Percentage primary air (of theoretical) %
(v) Nozzle velocity (m/s)
(vi) Internal dia. of kiln (m)
(vii) Nozzle diameter (mm)
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Flue gas analyses are not included this time ahd so these 
had to be assumed, using as a basis the mean values used 
previously (sect. 4.5)
The assumptions used include:-
(i) Kiln COg
(ii) Kiln CO - %
(iii) Kiln 0^ - %
(iv) Flame temperature - 1800°C
(v) Secondary temperature - 400^C
(vi) Nozzle air temperature 100°C,
The results of the analysis are as follows:
Overall ranges
(i) Geometric size ratio 0.0.7 <r^/L < 0.21
(ii) Equivalent size ratio 0.17 < r^^/L < 0.50
(iii)Velocity ratio 11.86 < u./u^ < 67.97
(iv) Thring-Newby parameter 0.42 < 0 < 0.95
(v) Craya-Curtet parameter 1.88 < m < if.35
(vi) Becker throttle factor 0.1< Th < 0.9Q
For velocity ratio, the range is extended by a few high 
values; over 60% of the kilns operate in the range 
u^/Up = 1 0 - 3 0 .
In general the figures confirm the indicat-
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ions of the previous set of data. (Sect. 4.5); namely, 
at the primary velocities generally encountered in British 
or U.S. kilns, the system is of low recirculation. At the 
velocities common on the continent, for example, the system 
attains a higher degree of recirculation, as also indicated 
by the analysis of the results of Ruhland. It would also 
appear that when kilns are operated using natural gas fuel 
(velocities of around 1000 ft/sec) then the system reaches 
an even higher degree of recirculation. This need not 
be of concern here, where the main considerations are for 
coal-fired kilns, and to a certain extent for oil fired 
systems.
4.8. The effect of Buoyancy applied to a Real Kiln System.
Temperature/displacement data due to Weber 
has been used, and radial temperature profiles predicted 
from the axial value using the formulae shown by Field et al. 
The kiln dimensions shown are those for the long, wet process 
kiln described by Weber in his Table 18.
The predictions of Horn’s formula are as 
expected, with the jet path shown as rising 5 - 6 ft in 25 ft 
axial travel. The jet path is shown in Fig. 4.8.1; the 
equations used to determine the radial temperature distrib­
ution (which have been employed due to lack of practical 
data) are due to Field et al, and are shown in this work 
as eqs. 3.26 and 3.26a (University of Surrey,
Computer Programme K07E).
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SECTION 5
• apparatus
5. Experimental Apparatus
5.1. General Outline
Initially a small model of a generalised system was 
produced (see sect 4,4 and Appendix III) to study the 
problems likely to be encountered in model systems. For 
the explanatory model, water was used as the operating fluid, 
due to the inherent advantages described below.
From the experience gained in building and operating the 
first small rig, two other larger and more flexible systems 
were constructed. One of these used water as the operating 
fluid, and the other used air,
5.2, Choice of Operating Fluid
The choice of operating fluid for scale furnace models 
is decided largely by the type and amount of information 
required. In the case of the rotary cement kiln model, 
which has not yet been studied extensively, it was decided 
to use both of the most widely employed fluids, namely, 
water and air.
A model operating on water has certain advantages over 
air, especially when preliminary investigations are planned. 
Essentially, a water model will provide qualitative . ,
information relevant to the understanding of the flow 
patterns in a relatively unknown system, and thus point the 
way for further, more specific experiments. This has been
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indicated in Sect 1.1., and requires little elaboration.
Since the water model systems can be operated at low 
velocities (due to viscosity characteristics), the results 
can be obtained by observation and drawing, or by 
photography (both still and cine) of tracers or dyes 
introduced into the system. Hence, it is possible to 
obtain recorded information of the flow patterns simply, and 
over a wide range of operating conditions.
Air models generally operate at higher velocities than 
water models (sect 1.1), and so are more difficult to study 
by observation or by photography; photographic studies, 
however, can be can be carried out using tracers such as 
balsa-wood dust.
The advantage of an air model is that the system is 
much easier to construct and operate, and can be altered 
more easily than a corresponding water system. Various 
impact head probes may be used to study velocity 
distributions; these are easily inserted into the model 
furnace ducting and sealing is no problem. Air models in 
general, are used to provide quantitative information.
5.5. Tracers and Tracer techniques
5.3.1. Water Model Tracers
Tracers have been used in various applications, and their 
general properties have been discussed in Sect, 2.1. This 
section will therefore, merely elaborate on a selected few 
of these to provide more detailed information.
Acid/alkali plus an indicator has been successfully 
used as a tracer system to study mixing envelopes in liquid 
models. This technique is most useful in providing a visual
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picture of mixing, but it does mean that the whole model 
system must be corrosion resistant.
Particulate tracers, such as aluminium or lycopodium 
powder are useful in water models since they can provide 
a suitable flow pattern trace for photographic recording, 
and they retain the essential simplicity of the water 
system in operation.
The tracers used in water modelling can be summarised:- 
(i) Air bubbles
(ii) Aluminium or lycopodium powder
(iii) Dissimilar fluids
(iv) Acid/alkali system
(v) Polystyrene beads
(vi) Infra-red techniques
These have all been mentioned previously (Sect,2.6).
The most suitable of these are polystyrene bead particulate 
tracers, which have been commented upon by Winter and 
Deterding and Dance. Winter and Deterding,were the first to 
exploit the advantages of using these as tracers in water 
models. They enumerate the properties which make the beads 
so useful as tracers as follows:-
(i) The beads remain as discrete particles in
the flow.
(ii) Their density is close to that of water, the
maximum range of relative density being
0.93 to 1.053, with the majority of the 
beads being in the range 0,98 to 1.02 i.e.
i 2% variation in density from that of water,
(iii) They are closely spherical in shape.
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(iv) They posses the desirable optical property of 
high proportional light transmission in a plane normal 
to the incident light.
5.3.2* Air Model Tracers and Measurement Techniques
Flow visualisation is not often carried out in air 
models due to the higher velocities generally encountered. 
However, some tracer systems have been developed. 
Visualisation can be carried out using balsa dust or 
smoke injection, but it is not comparable in general with the 
results obtained from water systems.
The most satisfactory method of tracing mixing and flow 
patterns in air models is obtained by the injection of a 
tracer gas and subsequent gas analysis by sampling probe 
traverses across the furnace duct at suitable points.
Various gases can be used for this purpose, but prime 
requisites for such gases are that they are not toxic, 
corrosive or excessively difficult to obtain. Amongst 
those gases most commonly used are nitrous oxide (Np) 
helium (He) carbon dioxide and carbon monoxide, previous 
workers such as Ibiricu have found NO more useful.
Gas sampling techniques are useful for providing 
quantitative mixing pattern data, but the process is 
necessarily a long and tedious one, especially if sampling 
techniques are not sophisticated.
Perhaps the best technique used in air models is the 
production of velocity flow profiles using impact head 
probe traverses 5 and this is the one used on the air model 
system in this work, and is discussed below in detail.
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5.4. Exploratory Water Model (WMI)
During the initial stages of this work an exploratory 
model system was designed and constructed to investigate 
the various problems likely to be met later.
The methods used in obtaining the flow rates and hence 
the capacities required, are shown in Sect. 4.4, and 
Appendix III. These figures were obtained before any 
analysis of industrial data, and so the model was rather 
limited in its range of operation. However, much useful 
information was gained from it,
5.4.1. Design and Construction
Design conditions have been mentioned earlier, and gave 
rise to a requirement for a typified kiln model having an 
internal tube diameter of 2|^ ', and using a jet diameter of 
0,232‘* (i.e. r^/h = 0.093). Plows were approximately 
27.0 g.p.m in the secondary line, and 12 g.p.m. in the 
primary jet line.
The general arrangement of the flow system is shown 
in fig 5.4.1. Two pumps were used in the system, pump 
1 was a Worthing-Simpson Centrifugal pump (Type 22 DP/4) 
and pump 2 a monopump. (Type m61).
Flow measurements are by means of a calibrated orifice 
plate ( " 2% set flow) on the secondary line, and a rotameter 
on the primary line.
The sump used (6) was a galvanised steel tank of 
capacity approximately 70 gallons. The interior of the 
tank was coated with polyurethane paint to reduce the effects 
of corrosion. All joints where dissimilar metals were 
in contact were also thickly coated with this compound.
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Secondary piping was constructed from dia. 
galvanised piping, while I'* copper piping was used on the 
jet line.
The typical kiln model itself was based on a 5ft.
l.D. kiln, and scaled at l/24th full size. Construction 
of the model was carried out using perspex of g" thickness, 
used glued and screwed joints where necessary,
A general view of the rig is shown'in Fig. 5.4.3<
5.4.2. Illumination and Photography
Polystyrene bead tracers, as discussed above, were used 
as tracers and were added to the sump. The size distribution 
of the beads was in the range 1-2 mm. dia
Illumination of the system over the section of interest 
(10 tube diameters from inlet and hood) was provided by 
2 X 500 watt quartz halogen lights situated above a shrouded 
slit of such a shape as to prevent excessive internal 
reflection of light in the model. Distortion of the model 
section was prevented by surrounding the section of 
observation by a rectangular section tank filled with water; 
such an arrangement is commonly used when observing the flows 
within ducts of curved external surface containing water 
flows. The back-gound and sides of the observation area were 
carefully blacked-out using dense black paper securely 
fastened.
Photographic recording of the flow patterns was carried 
out using still and cine photography and the results reduced 
to static representation for presentation.
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5.4.3. Operation of Water Model I
Initial operation of the model system indicated that 
flows could not be attained to maintain a Reynolds number in 
the model equal to that of the real kiln (App III). 
Consequently 3 the flow was set using as the limiting condition 
the flow obtainable at the primary jet. This resulted in a 
mean flow value of Re model of approximately 3.0 x 10^, 
which is about one“half that calculated for the real 
furnace. Such a decrease has been shown by previous workers 
to be allowable.
A detailed study of the primary jet line, pump to 
nozzle, showed that the head losses were considerable due 
mainly to limited space available for the rig. These losses 
could only be overcome by adopting the lower, reduced rates 
of flow mentioned above.
It was noted that small changes in secondary flowrate 
had a considerable effect on the percent excess air as 
modelled, and careful control of this flow was found to be 
important.
A drawback of this system was the corrosion of internal 
metallic parts, due to galvanic action of brass on steel.
This can be overcome to some extent by cleaning and draining 
the system; but this is time consuming. It was found that 
addition of certain inhibitors to the water in the tank 
reduced the effect. The inhibitors and their required 
concentrations are:-
Sodium nitrate 50-100 ppm.
Sodium Benzoate 1500 ppm.
Sodium sulphite 30-100 ppm.
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However, the high cost of the benzoate in particular does 
make extensive use of this practice expensive, and therefore 
the best way to reduce corrosion is by using resistant or 
compatible materials of construction throughout.
5.4.4. Operating Conditions WMI
The operating conditions df WMI are shown below, they • 
were determined by the considerations of Appendix III, and 
by trial operation.
Tube dia. 2.5 ins (2L)
Nozzle dia. 0.232 ins (2r*^)
Nozzle flow 5.00 gpm
Nozzle velocity 45.40 ft/sec (u^)
Secondary flow 17.97 gpm
Secondary velocity 1.408 ft/sac (u^ ) 
Total flow 22.97 gpm.
Mean flow velocity 1.87 ft/sec 
Velocity ratio (u^/u^) 32.3
Reynolds No. (Nozzle) 7.15 x 10^
Reynolds No. (Secondary 2.40 x 10^ 
Reynolds No (mean) 3.19 x 10^
0 0.426
These conditions were fixed since the system could not
be varied.
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5.5. The Air Model
5.5.1. General Introduction
The air model system was designed and constructed to 
provide more quantitative information on the kiln flow 
patterns.
Initial design criteria were set for the standard oil 
burning kiln used as a study basis in Appendix III,
However, when it became apparent that the Thring-Newby 
approach was not truly valid, and that coal fuel kilns were 
again gaining in economic ascendancy, then the design 
criteria were altered and the nozzle/tube sizes scaled . 
according to accurate geometric data.
Subsequent operation of the model was according to the 
range of enclosed jet conditions investigated in Section 4. 
However, it was found that the geometrically scaled size 
ratio originally chosen was suitable, and consequently 
it was retained throughout the experimental programme.
For reasons of wide applicability of the results taken 
using this system, several standardisations were introduced, 
including the use of a kiln model tube of constant internal 
diameter. Such kiln bodies are seldom found in industry, 
nearly all industrial kilns have variation in internal 
diameter due to tapers in the shell and also used to control 
residence times, within critical parts of the kiln. However 
to produce widely applicable results the standardisation 
of the model was felt to be justified.
163
5.5.2 Design and Construction
The geometry of the model system was based upon the kiln 
design of an industrial installation (99) with modifications 
as mentioned above. The model scale was 1:24, and various 
numerical considerations are shown in Appendix III,
The constant diameter model tube was of PVC, of internal 
diameter 6.0 ins (- ‘^'^ 32")o The tube was provided with
traversing holes at one inch (2,54cm) intervals along a 
straight line parallel to the axis. These traversing points 
were of suitable diameter (0.25") to permit access to the 
inside of the tube for various probes. For each probe a 
traversing mechanism was supplied and/or constructed, as 
required.
A Fuller Grate cooler model was also made using perspex 
as the material of construction, and provided with two inlets 
for the secondary air, only one of these was actually used 
in the model to follow the industrial practice of quick 
quenching of the hot clinker.
The firing hood was also modelled in perspex, and fitted 
with a machined block of perspex. This block was accurately 
threaded to provide a mounting for the model jet pipe. 
Provision is made to vary the depth of insertion of this 
nozzle with respect to the inlet plane of the kiln tube.
The whole system was carefully aligned to ensure that 
a true geometrically similar system was produced. A 
general view of the rig is shown in fig.5.5.1.
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Air flows were provided by three individual Martindale 
blowers ;
1. Jet line : Typhoon. 78ft^/min (15^0)
32. Secondary line : Hurricane 45 ft /inin
3. Secondary line : Hurricane 45 ft^/min
The two secondary lines were siamesed to provide a 
single inlet. The air supply to the blower was via a 
compact air cooler so that the air temperature could be 
kept at + 2^C^ the set value (App.IV)
The secondary flows were measured using orifice 
plates, and the primary flows using a rotameter. The
temperature of both the secondary and the primary air
being noted.
Plow straighteners were used where required in 
order to provide the model with uniform conditions for 
each test.
A flow diagram for the model is shown in fig 5.5.2, 
and design details are shown in fig, 5.5,3.
5.5.3. Measurements
All velocity measurements in the air model were made 
with an NPL modified ellipsoidal nosed pitot-static tube, 
coupled to an accurate inclined manometer, capable of 
reading 0.001'*' w.g. The system was supplied by Airflo 
Developments Ltd., of High Wycombe. Further details of 
the performance of such probes is given in App, I, as are 
details of various other sophisticated three-dimensional 
probes which were also tried. In practice the simplest 
probe was used because it gave relatively rapid results 
which could be quickly analysed using a simple computer 
programme. (University of Surrey. Computer Programme K07D)
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Difficulty was also encountered with stabilisation of 
flow readings when using three dimensional probes, Such 
sophisticated probes are only useful when coupled with an 
efficient electronic data-logging system and computer 
analysis.
For each experimental run, 3OO-5OO velocity readings 
were taken (See Sect.6), and used with graphical 
interpolation to provide the flow diagrams.
Tests were also made to discover the velocity decay 
profile along the kiln model axis, using the same procedure.
5,5.4. Operation of the Air Model System
The operating conditions for the air model are based 
on those described for the real kiln in Sect. 4. The model 
system was operated over a sufficiently wide range to 
include conditions from those of high recirculation to those 
of low recirculation. Traverses of the flow pattern were 
carried out in the vertical plane, as horizontal axis 
symmetry has been demonstrated by water model work.
No readings were taken until the system had reached 
constant isothermal conditions, and during operation these 
conditions were maintained. The pitot tube was allowed to 
remain at each point (25 per traversing station) until it 
was possible to record an accurate, mean valve.
Plow rates were set using variac controls in the power 
supply to the blowers. Temperatures were recorded every 
30 minutes from the beginning of the run, and a mean value 
recorded on completion of the test. All values obtained 
were computed, and from these flow diagrams as shown in Section 
Section 6 were produced.
- 169 -
5.6. Water Model II
This system was constructed to provide a water 
modelling facility, capable of using any of the commonly 
used tracer techniques, and of operating relatively large 
models.
The experiences of operating WMI, were drawn upon 
and the WMII system was made of corrosion resistant 
materials, with high capacity pumps. Large sump facilities 
were also provided, in order that the system could operate 
under recirculating or once-through conditions.
5.6.1. Design and Construction
The geometric design of the model section used 
was based again on an accurate model of the same real kiln 
installation (99) constructed in perspex. Design drawings 
for this model are shown in figs. 5.6.1, 5.6.2, and 5.6.5; 
the scale used was again 1:24. (i.e. g'= Elft). The model 
nozzle was also scaled geometrically, using the approach 
indicated in Sect.4. A value of r^/L = 0.1 was used, and 
kept standard throughout the tests; exact values are given 
in the operating condition details of individual tests.
In general, the flow system was designed and constructed 
so that it provided a flexible water handling system 
(fig, 5.6.4), coupled with the use of corrosion resistant 
materials throughout. Any metal parts used were coated 
with polyurethane paint to guard against corrosion, A 
general view of the water-handling system is shown in 
figs. 5.6.5 and 5.6.6.
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FIGURE 5.6.5. Water Handling System.
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The various parts of the rig are detailed below:-
(i) Pumps.
Main Plow : 4DM4/35 5bp. 300 gpm 30ft head
Jet Flow : 2DM12/39A 5hp. 100 gpm 90ft head
The pumps are of Worthington-Simpson manufacture, and were
chosen because of their outputs. These are suitable for
covering a wide range of operation. The pumps have 3-phase,
drip-proof motors, using normal mains voltages. With
suitable by-pass systems they offer great flexibility of
operation in the model system.
(ii) Piping.
All piping used Le Bas uPVC 2’* dia. or 4" dia. Some 
joints are threaded, but glued joints were also employed 
when convenient. Polyurethane coated brass reducing bushes 
are used where required.
(iii) Valves
All valves are rubber lined to resist dilute 
acid/alkalis.
Serck Aud.co or Saunders valves are used throughout.
(iv) Plow Measurement Apparatus
Plows are measured in the model using orifice plates 
designed and installed according to B.S. 1042, Part 2. 
Several plate sizes were used to provide suitable flow 
ranges. Appendix IV. The pressure differentials were 
measured using mercury manometers.
Flow regulation was obtained by adjusting the Saunders 
valves situated after the orifice plate section.
Venturi meters were considered as flow measurement 
devices since it was part of the design to have as little 
permanent head loss in the system. However, these were 
eventually rejected on the grounds of cost and the space 
required.
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(v) Sump Tanks
The sump tanks were fabricated from polythene, and had
the dimensions listed below
Sump 1 61** X 37s" % 36" deepSump 2
Sump 3 46" X 27s" x 36" deep
Their capacities are thus
Sump 1 295 gallonsSump 2
Sump 3 162 gallons
These capacities were chosen to give approximately one 
minute run time for the system, in a non-recirculating 
system, using the maximum pump capacity.
Such an availability provides for the case when it is 
necessary to run the system with acid/alkali traces in 
primary and secondary flow.
The sumps are arranged so that it is possible to pump
from sump 2 in a recirculating fashion for continuous
operation, and sumps 1 and 3 can be used when once through 
operation is required. Sump 3 is primarily to supply a 
separate fluid e.g. dyed, a dissimilar liquid^ to the jet 
line.
(vi) Nozzle Position
The nozzle, which is constructed from a suitable metal 
(e.g. brass or stainless steel) is held in position with a 
machined perspex block. The depth of insertion of the nozzle 
into the kiln tube is varied by using a thread and lock-nut 
arrangement, (Pig. 5*6.7)
A general view of the model section is shown in Pig,5*6.8. 
the model can be varied to allow the installation of any 
suitable model furnace configuration.
5.6.2. Illumination and Photography
The illumination of the model section was based on the
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system developed for WMI. Other lighting systems, such as 
oblique lighting and back lighting, were tried, but were 
found to be unsatisfactory. The section of model under 
observation was enclosed in a water-filled plane fronted 
perspex tank to remove distortion effects due to the curved 
exterior surface of the furnace model.
High intensity light sources were provided by two 
500 watt quartz-halogen lights situated above the model 
section. The lights were changed to a side-position when 
it was required to observe the horizontal central plane of 
the model. Most runs were,however, recording in the vertical 
plane. The area of the model under observation was provided 
with a dense black background of folded black velvet; and 
photography was always carried out in a darkened room to 
reduce the effect of unwanted reflexion from the model. The 
lights were situated 53cm above the axis of the model, 
and adjusted to give even illumination of a 45cm width field 
of view. Light was admitted to the central plane via a slit 
(width 8cm) which was provided with shades which extended from 
the slit level down to the surface of the model. Such an 
arrangement provided even illumination of the central plane, 
suitable for photography.
Various still and cine trials were run to find the best 
conditions for photography. Final results indicated that a 
filming speed of 200 f.p.s, was suitable, using a Hycam 
K20 S4E camera, fitted with a 10mm, f/1,8 Schnieder lens. 
Ilford Mk V film (rated 400 ASA nominal) was used, with 
suitable forcing of the development to provide a good image 
of the tracers.
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The cine films so produced were then used to produce 
static representation of the flow by utilizing a 45? front 
silvered mirror to pass the image onto a plane suitable 
for tracing the flow patterns, as drawn in Sect. 6.
To ensure that correctly sized images were produced 
at all times, two datum point light sources were attached 
to the front of the model. By ensuring that the distance 
between these was the same in all film images before tracing 
the flow pattern, it wa.s possible to produce properly 
scaled flow diagrams.
5.6.3° Operating Conditions
Operating conditions for WMII were based exclusively 
on the results of the industrial data analysis carried out 
in Section 4. This ensured that good representation of 
industrial conditions was produced. Exact operating 
conditions are included in Section 6, with the respective 
experimental runs.
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SECTION 6
RESULTS AND MODEL 
OPERATING CONDITIONS
6.1. Operating Conditions : W.M.I.
These were given in detail in Section 5.4.5s and are 
based on the considerations of Appendix III, which describes 
initial attempts at flow scaling.
This model system was based on only a small amount of 
data, and consequently the representation of the flow is 
limited* However, the model was operated with a
velocity ratio of 32.3s vmich was shown to be reasonable 
by the data analysis of Sect, 4. The flows and size ratios 
were based on an oil fired kiln, and the Thring-Newby 
parameter was used at this stage, despite its lack of 
validity, whereas subsequent models were for the same kiln 
fired by pulverised coal. The size ratio used was r^i/L = 
0.093s this being an equivalent size ratio for a standard 
oil fired system.
No representation was made for the Puller Grate, 
although the entrance uptake from the cooler and the firing 
hood were modelled as accurately as possible. The nozzle was 
set with its exit in the plane of entry of the model kiln 
tube, and this was in a fixed position,
A typical flow diagram from this model system is 
shown in fig. 6.1.
NNOC
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6.2. Operating; Conditions : Water Model II
Pour series of seven runs are presented for this model. 
In each case the range of operating conditions was the same^ 
as was the initial value of the geometric size ratio employed, 
The consideration of Section 4 were used to define the 
range of conditions simulated^ and they are described in 
terms of the Craya-Curtet parameter m^ and the Becker 
throttle factor, Th. Thus, the model operating conditions 
are defined by the ranges shown below.
(a) Graya-Gurtet factor^ m 1.6%<m<4.%l
(b) Becker factor, Th, 0.49<m<0.3104
The exact operating conditions are shown in Tables
6.2. The variation in r^/L is due to the different positionso
of insertion of the primary jet nozzle, relative to the
entrance plane of the kiln model tube.
Each of the series of test was carried out at a
different degree of nozzle insertion to investigate the
effect upon the jet system of moving the end of the nozzle.
These positions are shown below.
Depth of Insertion of Nozzle
(i) Test series 1 0.259*'
(ii) Test series 2 0.759"
(iii) Test series 3 1.259''
(iv) Test series 4 1.759"
These represent scale nozzle insertions in a real kiln
of between 6'' and 3*6”, which is a commonly occuring
range(98),
Although it is possible that real kilns may operate 
outside the ranges used here (see Sect.46), initial tests 
have shown that the conditions used here are sufficient to 
cover the general cases of real kiln operation.
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The sise ratio r^/L was set to represent the approximate 
mean value of the ranges shown in Sects, 4.5 “ 4.8.
The Fuller Grate cooler bars were represented by a 
stainless steel gauze, which provides a fairly evenly 
distributed flow such as may be assumed to pass from the 
clinker bed. The gauze was sized so that it was large enough 
to pass three tracer beads at any space, should the unlikely 
event of such simultaneous arrival occur.
! Test No1
j -.- . .
Or ay a Curtet m
BeckerfactorTh
Velocityratio
^o/u^
Rsjet
X 10^
^®sec
xlO^
1.1 4. 81 0.31 26.5 9.52 3.23 0.1098
1.2 3.88 0.34 23.2 8.57 3.33 0.1098
1.3 3.10 0.37 20.5 7.79 3.41 0.1098
1.4 2.6 6 0.40 18.4 7.14 5.49 0.1098
1.5 2.2 6 0.43 16.7 6.59 3.55 0.1098
1.6 1.9 4 0.46 15.3 6.12 3.60 0.1098
1.7 1.6 8 0.49 14.1 5.71 3.65
.......
0.1098
Table 6.2.1. Operating Conditions WMII; Test 1
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TestNo Cray a Curtet m
Becker ' factor Th
Velocityratio
"o/Ua
Rejet ■
X 10^
R'Vet '
xlO^ '^o/L
2.1 4.81 Ô.3I 26.5 9.52 3.23 0.1098
2.2 3.88 0.34 23.2 8.57 3.33 0.1098
2.3 3.1* 0.37 20.5 7.79 3.41 0.1098
2.4 2.66 0.40 18.4 7.14 3.49 0.1098
2.5 2.26 0.43 16.7 6.59 3.55 0.1098
2.6 1.94 0.46 15.3 6.12 3.60 0.1098
2.7 1.68 0.49 14.1 5.71 3.65 0.1098
Table 6.22 Operating Conditions WMII, Test 2
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Test 1 No, Craya”Curtetm
BeckerfactorTh
Velocityratio
"o/"a
RG jet
xlO^
sec
xlO*
^o/L
3.1 4.81 0.31 26.5 9.52 3.23 0.1052
3.2 3.88 0.34 23.2 8.57 3.33 0.1052
3.3 3.10 0.37 20.5 7.79 3.41 0.1052
: 3.4 2.66 0.40 18. 4 7.14 3.49 0.1052
3.5; 2.26 0. 43 16.7 6.59 3.55 0.1052.! 3.6 1.94 0.46 15.3 6.12 3.60 0.1052
3.7 1.68 0.49 14.1 5.71 3.65 0.1052
Table 6.2.3. Operating Conditions W.M.II; Test 3
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roclrculatlon
recirculation
roclrculatlon
Teel 3 ,4 recirculation
recirculation
FIGURE 6.2.5 Ça)
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roclrculallon
roclrculallon
rod rculatlonTool 3.6
roclrculallon
TosI 3.7
roclrculallon
FIGURE 6.2.3 fbV •
■“ 194 ”
TestNo. Craya-Curtetm
BeckerfactorTh
Velocityratio
"o/"a
jet
xlO'*
KG sec
xlO*
^o/L
4.1 4.81 0.31 26.5 9.52 3.23 0.1030
4.2 3.88 0.34 23.2 8.57 3.33 0.1030
4.3 3.19 0.37 20,5 7.79 3.41 0.1030
4.4 2.66 0.40 18.4 7.14 3.49 0.1030
4.5 2.26 0.43 16.7 6.59 3.55 0.1030
4.6 1.94 0.46 15.3 6.12 3.60 0.1030
4.7 1.68 0.49 14.1 5.71 3.65 0.103c
Table 6.2.4 . Operating Conditions W.M.II ; Test 4.
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f i g u r e  6.2.4 (a)
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6.3. Operating Conditions; Air Model.
The operating conditions for the tests carried 
out on the air model were based3 as for the water model, 
on the considerations of Sect, 4.
The size ratio (r^/L, geometric) was set using 
a specific industrial case for initial runs. However, 
this particular sizing was found to be satisfactory from 
the results of the analysis of industrial data, and so 
was retained throughout the kit series, with r^/L = 0.118 
(App. III).
The model nozzle was situated 1/4” (scale 6”) 
inside the entrance plane of the kiln tube, and all tests 
were carried out using this configuration. A facility 
for moving the nozzle axially exists, but this was not used 
in the tests presented here.
The Fuller Grate bars were represented by a 
wire gauge, as for the WMII system.
All velocity measurements were taken by the 
method described in Section 5.5.3, and these were used 
to provide the flow diagrams shown in Pigs. 6.3.1. to 
6.3.6 inclusive. These diagrams are representative of 
isothermal conditions, and are used to corroborate the 
flow patterns obtained using the water model systems 
described previously.
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The overall range of operation of the air model 
is defined by:-
a. Craya-Curtet factor, m 2.34<m<7.1#
b. Becker factor, Th. 0.43<Th<0.26
These give suitable coverage of the overall operating 
condition range described previously for industrial kilns
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TestNo, PrimaryVelocityft/sec
Sec. Vel. 
ft/sec
Velocityratio RSjetxlO^
RGseo
xlO^
Craya-Curtetm
BeckerFactorTh
I(AM) 155.75 4.66 33.4 4.96 1.25 7.18 0. 26
2(AM) 116.69 4.66 25.0 3.74 1.25 4.73 0.31
3(AM) 103.81 4.66 22.10 3.28 1.25 3.91 0.34
4 (AM.) 94.25 4.67 20.18 2.99 1.25 3.39 0.36
3 (AM) 82.34 4.69 17.53 2.60 1.25 2.69 0.40
6(AM) 75.33 4.67 16.11 2.40 1.25 2.34 0.43
Table 6.3.1. Operating Conditions for Air Model Test Series.
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SECTION. 7
DISCUSSIONS AND CONCLUSIONS
7.1, Discussion of Results
7.1.1, Flow Patterns from Water Model I
Thi^ s simple model was used under standardised operating 
conditions to give a preliminary indication of the flow 
patterns and the jet effect in a rudimentary representation 
of the rotary kiln. The model was found to be inflexible, 
and so was used as a design facility.
From fig, 6,1, the basic flow pattern in the vertical 
plane can be described. Essentially, the system behaves 
as a non-symmetric enclosed jet. Recirculation does occur, 
but it is not disposed evenly around the downstream periphery 
of the jet, being situated in an area towards the upper part 
of the cylindrical model. The jet and the secondary streams 
are also deflected towards the lower parts of the tube. This 
deflection is reduced as the jet passes away from the entrance 
and recirculation areas, and the flow gradually subsides to 
form a normal pipe flow.
7.1.2, Flow Patterns from Water Model II
The results of the tests carried out on this model 
represent the bulk of the visual studies, and are presented 
in four series of seven runs in Section 6,2. The operating 
conditions were carefully chosen as a consequence of the 
industrial data analysis, and the nozzle was also carefully 
sized using this data.
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The model was operated over the range of conditions 
set out in the respective tables shown before, the flow 
diagrams of each series. At high velocity ratios, u^/u^, 
recirculation takes place in the upper and lower areas of 
the tube as indicated by the shaded areas. As the velocity 
ratio is decreased the degree of recirculation falls until 
at very low velocity ratios it practically disappears except 
for the vortex area directly below the firing pipe axfs
A characteristic of the system is to form an inlet vortex, the 
approximate centre of which is shown in the diagrams. The 
vortex is formed transiently a.t high velocity ratios, and 
becomes more persistant as this ratio is decreased 
At all times the vortex is associated with the recirculation 
which occurs in the lower parts of the tube.
As can be seen the system is asymmetric, and does not 
compare exactly with the expected flow of an enclosed jet 
system, such as described by Thring and Newby (fig.3,6) and 
Craya and Curtet (fig.3.7), and shown earlier. The jet path 
is deflected downwards from the axis of the system, and tends 
to a sinusoidal or wave formation; this effect is most 
pronounced at low velocity ratios. At higher velocity ratios 
the effect still occurs, but deflection is not so great.
Since the jet is deflected in this way, recirculation cannot 
attain a symmetrical from, and occurs in the general areas 
indicated by shading.
The deflection of the jet path, and the divergence of 
the system from the ideal is caused by the effect of the 
entrance to the tube, which consists of the uptake from 
the Fuller Grate cooler and the firing hood. Inspection of 
the flow velocities in these ducts indicates an asymmetric
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velocity profile, which is set up low in the uptake, and 
persists until entry into the tube where it causes the lack 
of ideality described above.
The nozzle position was varied as indicated in 
Section 6.2. It seems to have very little effect, the 
general flow pattern remaining unchanged, but there is a 
slight tendency for the system to approach the ideal. The 
diagrams shown bear out the description given in Section 1.2, 
where the cement kiln flow system is described as a turbulent 
jet passing into a turbulent co-flowing stream constrained 
by a circular duct of non-uniform diameter with a 
non-symmetric entrance.
Observation of the flow in the horizontal central 
plane indicates that it is symmetric in its distribution 
about the areas of recirculation described, and the axis 
of the jet system.
It is to be noted that all the diagrams presented 
for flow patterns are time-mean representations. Fluctuation 
of the flow occurs a characteristic of jet systems described 
previously by Curtet, and the turbulance level is high. 
Oscillation of jet flow in a cylindrical enclosure has been 
described as behaving in this way by Bacon et al (100). 
However, the general flow areas in the isothermal model are 
as shown.
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7.1.3- Flow Diagrams from the Air Model
The air model results shown are provided in order to 
give a quantitative representation of the flow taking place 
in the kiln model system. The approximate accuracy of these 
results is indicated in Appendix I (Sect.A.4.3), where the 
performance of the pitot-static measuring system is discussed.
The flow diagrams were produced by making detailed 
pitot traverses along the kiln model tube, as described in 
Section 5-5.3. Traverses were initially made with the pitot 
head pointing towards the jet source, and then with the 
probe rotated through 180°‘ ^he probe was held vertical 
and straight by a rack and pinion type traversing unit, which
was situated above the model tube.
In general, the air model diagrams show the same 
areas of recirculation as indicated in the water model. The 
vortex area is represented as random-flow by the pitot.
It is important to note that the deflection downwards of the 
jet is most clearly shown by the shape of the velocity 
contours in the diagrams. The degree of downward deflection 
can be seen to increase with reducing velocity ratio, a 
point which was noted, but not indicated in the water model 
trials. The degree of recirculation decreases with decreasing 
velocity ratio, as expected from previous results.
Representation of the flow in the horizontal plane is
not given, vertical traverses only were made.
The air model was operated over a suitably wide range 
(Table 6.3,1), as indicated as being necessary from the 
analysis of Section 4. Again, the system has provided 
results which give a general indication of the flow 
pattern, showing that the entrance effects due to the
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combination of Fuller Grate exit and uptake, and firing 
hood, have a considerable effect on the flow patterns 
within the burning zone of the kiln. The shape of the 
velocity contours (ft/sec. values are shown) of Test 1 (AM) 
to Test 6 (AM) show clearly the asymmetry of the jet system 
in the kiln air model,
7,2, General Discussion of the Results
The greatest importance of the diagrams shown above is 
that they provide a general representation of the flow, 
Chesters (101) has described the importance of being aware 
of the characteristics of the flow taking place within 
a system, and has shown how, merely by removing a single 
projecting brick at a critical point, the flow pattern in 
a particular duct can be altered. It is important to 
realise that the water model results may only be regarded 
as qualitative, and that the air model results should not 
be considered as having more than - 10% accuracy about the 
actual value.
The two most significant aspects of the flow in the 
kiln system are the asymmetry due to geometric effects, 
and the presence of areas of recirculation. Geometry is 
specific to real systems, and so its effect doubtless rests 
on obtaining accurate model representations of the kiln 
system. Recirculation and its effect, is a more general 
problem, and has been the subject of considerable study as a 
phenomenon associated with enclosed jets, particularly in 
combustion systems. This has been discussed in Section 2.4, 
and it is of interest to note once more that the studies 
carried out on the Ijmuiden furnace show good correlation
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with theory when r.^/L <0,02. The effects of recirculation 
are diverse and depend primarily upon the system being 
considered. Recirculated fluid is generally leaner in 
oxygen than the secondary air supply, and as has the effect 
of lengthening the flame; it may also reduce the
temperature of the flame, as described by Ibiricu. Hedlay
and Jackson have discussed the effects of recirculation, 
andemphasised the dependence of the effect of recirculation 
on the specific system, Spalding (102) whilst considering 
heat transfer in open-hearth systems, made a theoretical 
study of the phenomon, and concluded that the presence 
of recirculation reduced heat transfer to the stock by up to 
30%.
Recirculation is often quoted as being an important 
factor in flame stabilisation. Whilst this may be so in 
certain cases, there are indications that it is relatively
unimportant in the kiln system,, where, at operating
conditions, the flame is stabilised by radiation from the 
hot walls and the charge, which are at about IMOO^C. However 
in order to make more satisfactory conclusions regarding 
recirculation in the kiln, temperature profiles of the 
recirculation area are needed so that the heating or cooling 
effect of the recirculated gases can be found, and hence the 
effect on combustion and ultimately on heat transfer can 
be evaluated. If subsequent studies show that recirculation 
reduces heat transfer to the charge, then it can be reduced 
by recourse to the model results shown above.
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One most important aspect of modelling which has not 
been considered is that of the buoyant effect of the hot 
flame gases. A brief study was made in Section 4.8, where it 
was shown that although a reasonable treatment is available 
for the passage of a relatively small jet into a large volume 
under buoyant conditions, no such approach has been attempted 
yet for the case of the enclosed, buoyant jet. The free, 
buoyant jet equations were applied to the kiln system, using 
Weber’s data, in Section 4.8. , where it was shown that a 
buoyant jet would strike the top of the kiln between two 
and three kiln diameters from the entry plane. However, 
the effect of the proximity of the enclosure walls and the 
velocity ratio with respect to the secondary stream is not 
considered, and its accuracy in this system is to be doubted. 
Consideration of the model flow diagrams of Section 6, shows 
that the presence of recirculation zones at high velocity 
ratios, and the geometric effects must modify the buoyancy 
behaviour of the jet system. Since no information regarding 
buoyant jets in enclosed systems is available, the models used 
in this work were operated under isothermal conditions.
Whilst buoyance must change the flow diagrams shown, their 
general indications should remain unchanged. The effect of 
buoyancy on enclosed jet paths should be less than that 
encountered in free jet cases such as those considered here, 
being relatively high velocity jets in a relatively small 
enclosure, where the dynamic forces, and not the buoyancy 
forces must have the greatest effect in determining the 
jet path. However, the most satisfactory results can only 
be obtained by having quantitative knowledge of the jet 
path of a buoyant enclosed jet at various velocity and
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density ratios.
7-3- Conclusions
These may be listed as:-
(i) Whilst modelling any burner/combustion chamber system 
is not easy, application of the enclosed jet similarity 
parameters allows modelling of the flows within rotary 
cement kilns to be carried out. The Craya-Curtet and 
Becker factors have both been found to be useable, 
with a marginal preference for the Craya-Curtet 
parameter,
(ii) Evaluation of the flow conditions within rotary cement 
kilns has been carried out using a large quantity of 
industrial data; the range of variables, required for 
defining these conditions have been tabulated.
(iii) Using the results of the industrial data analysis 
rotary kiln models have been designed and operated to 
give suitable coverage of flow conditions.
(iv) Plow pattern diagrams have been obtained over a 
representative range of flow conditions for the kiln 
system.
(v) Recirculation has been shown to take place within the 
kiln system. Assuming a secondary velocity of, say,
6ft/sec recirculation is present in the range
Uq = 90ft/sec to over 200ft/sec. Recirculation decreases 
with decreasing velocity ratio u^/u^ (i.e. Decreasing 
Craya-Curtet parameter, m; increasing Becker factor,Th).
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(vi) Due to the entrance effects of the firing hood and
clinker cooler system, the flow pattern in the firing
zone of the rotary kiln is asymmetric and the burner
jet is deflected downwards. Jet deflection is increased
with decreased velocity ratio,u /u .o a
(vii) A lack of a suitable treatment for enclosed buoyant jet 
systems has been shown to exist.
(viii) The flow pattern existing in a real kiln must be the 
result of a balance between geometric, dynamic and 
buoyancy forces, The first two have been elucidated 
here and buoyancy lias- been considered as far as the r. 
theories presently available permit.
(Ix) Moving the firing pipe into the kiln beyond the nose-ring 
appears to have little effect up to scale distances of 
just over into the kiln.
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List of Symbols Used
a flow factor (Ruhland) w.
^o cross-sectional area of nozzle or (Drifice l2
A constant for free jet length ( Traustel) “
Archimedes number -
b size factor (Ruhland —
"d jet half-width or radius L
Bp air factor (Ruhland)
c mixing length theory constant -
mean concentration of nozzle fluid (axial)
% mean concentration of nozzle fluid
Craya-Curtet number (due to Becker et al)
fuel concentration
d general diameter L
nozzle or orifice diameter L
equivalent nozzle diameter L
D tube diameter (kiln etc) L
Fr Froude number
8 acceleration due to gravity LT
G general momentum flux MLT~^
«a secondary momentum flux ml t“^
«0 primary momentum flux mlt"^
total momentum flux -2 MLT ^
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H reference length L
height of jet above base line L
k constant
k  ^ constant in axial decay (free jet eqtn)
k constant of recirculationP
K velocity profile shape factor
Ki nozzle factor (Ruhland)
Kii constant of Thring-Newby
Ki2 constant of Thring-Newby
Ki3 constant of Thring-Newby
Ki4 constant of Thring-Newby
1 mixing length L
1^ flame length L
L half-diameter of constraining tube L
m Craya-Curtet parameter
m^ secondary mass flow MT ^
m entrained mass flow MT ^e
m^ fuel mass flow MT**"^
-1m^ primary mass flow MT
ifi^ recirculated mass flow MT ^
m^ total jet mass flow at displacement x MT ^
M general jet mass flow MT ^
“1M„ mass flow of recirculation MT
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n
"p
N
P
P
q
Q
Q
r
r
s ,I
eddy
o 
» 1o
00
R
«c‘
Ro
Re^
S
T
"’a
’’f
T>^
excess air factor
excess air factor (Ruhland)
temperature ratio
static pressure 
static pressure at wall
static pressure
excess dis charge 
quantity recirculated
total system discharge 
flow in recirculation eddy
radius
nozzle radius (or that of jet generally) 
equivalent nozzle radius
radius of jet at nozzle (Squire & Trouncer)
recirculation ratio (Hedley & Jackson)
recirculation ratio (Ibiricu)
Reynolds number 
Reynolds number at orifice 
density ratio
absolute temperature
ambient or secondary temperature
jet (flame temperature)
flame temperature 
absolute temperature on axis
-1 '•?ML T
ML T
l\ “'^
L'T
T absolute jet temperature
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temperature of sUrroundins 
T absolute temperature at point x,y.X 3 y
 ^ period of oscillation of 2-dimensional jet T ^
Th Becker throttle factor
'u velocity LT ^
“ . -1u mean velocity LT
u^ mean velocity on axis LT ^
- . -1u^ Mean velocity at orifice LT
1
o
Uj^ kinematic mean velocity LT
... 1u^ dynamic mean velocity LT
^o non-uniformity momentum flux velocity LT ^
u^  longitudinal turbulence intensity
u^ Q secondary velocity at inlet plane LT ^
-1u,^  ^ axial velocity LT
-1u_^ excess jet velocity LT
V general velocity LT ^
v^  transverse turbulance intensity
w local excess velocity LT™^
w mass flow in round jet MF"^
w excess velocity at nozzle LT~^o
^m axial excess velocity LT™^
X axial diaplaoement L
X potential core length Lpc
x^ point of total entrainment of secondary flow L
(beginning of recirculation)
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core of recirculation eddy 
Xp theoretical point of enclosed jet impingement
y radial or vertical distance
y  ^ vertical displacement of jet
6 exponent of dimension (Craya-Curtet)
6* displacement thickness of boundary layer
Ô initial angle of jet projection
e function y/r
n function r/x
0 Thring-Newby similarity parameter
0 ^ modified Thring-Newby parameter
A velocity ratio (u^/u^)
y dynamic viscosity MT ^
2 “1V kinematic viscosity L T
IT constant
Ç velocity function (Craya-Curtet)
p general density ML ^
p^- ambient of secondary density ML^^
p^ density of flame gases ML
p nozzle fluid density ML ”3surroundings density ML
a fluid dynamic constant for jets(Craya Curtet)
T shear stress ML ""T ^
({) jet half-angle
X size ratio for concentric jets
ip initial angle of jet projection above ^ horizontal
i|> jet angle
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Impact Head Probes and their Characteristics.
A.I. Introduction.
A study of the errors likely to be encountered 
in the use of traversing probes, especially in small 
ducts is conveniently assembled in commercial literature 
(103s 104). The errors are generally negligible when the 
probe projected area is small (less than 1% of duct 
cross-section), and where no sharp curvature, streamlines, 
or steep velocity gradients exist.
The main errors occurring in rotary kiln models, 
in order of increasing sensitivity, are described below 
in the subsequent subsections.
A.1.1. Total Pressure.
The presence of the probe causes a total pressure 
gradient, especially when it is situated near a confining 
boundary. Away from such areas, the readings are more 
reliable. However, due to the drag effect of the probe 
itself, the total pressure behind the probe will probably 
drop by an amount given by (1.2 x ^/A) where à is the 
projected area of the probe, and A the duct cross-sectional 
area,
Sweeney (105) discusses briefly the Prandtl 
type of impact tube, and points out that the total pressure
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is substantially accurate (i.e. error less than 2^ ) 
for Mach numbers up to 0.9 , and yaw. angles less than 8°.
Knudsen and Katz (106) suggest that the pitot- 
static tube is suitable for measuring time average point 
velocities, but also indicate that the hot wire anemometer 
is useful. This latter instrument was not used in this 
work in order to keep the techniques as simple as possible
The impact pressure on pitot-static probe may 
be written as
pi = K p u^^ A.l
~2g
where the usual nomenclature is used, K is a constant 
described later. Near duct boundaries various effects 
cause an error in the value indicated, and some allowance 
should be considered if the error is large.
If an impact head probe is placed near the 
boundary of a turbulent stream, the velocity profile may 
be written as
l/liu = c y A.2.
So, the actual impact pressure corresponding to the point 
velocity a the centre of the duct (c) is given as
pi,c = p y 2/7 A.3
“2g" °
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The impact pressure at any point is given by
pi,gen = p y 2/7
2g
A. 4
So, the average pressure over the impact tube orifice is 
expressed as
pi,av (d^  b y^/^ p/2g) dy A.4
b%
Thus,
pi,av = 1_9b p2g
A. 5
where b is the diameter of the probe impact head. So, a
comparison between average and central values is possible
when y^ and b are known. For a small pitot probe in a 
turbulent flow pi, av and pi,c are usually within 1%
of each other, and accuracy is good.
When a small pitot is situated very close to a 
boundary, where the point velocities change quickly 
according to
u = cy A.6
then, at point yi^, we get
pi,c + c^p y \  2 
2g A. 7
-255“
The average value is given by
yo+b/2
pi,av = \ (b c'^y^p/2g)dy A»8
y^-b/2
whence
pi,av = c^  p3b ' 2g
b^
(y* + #): - (y* - | ) ’ A.9
So, we may make a comparison. If the probe is situated 
at y^ = b/2, then
pi,av = 1.33 pijC A.10
In this case the pressure pi,av actually corresponds to 
a point 0.58 b away from the edge of the probe.
A.1.2. Static Pressure Errors.
A pitot tube placed near the boundary of a 
duct will constrict the flow near the static pressure 
tappings, to give a lower value than the unaffected wall 
static pressure at the same point. A straight probe 
will cause a progressive acceleration of the flow around 
its tip. Such a condition produces a reading from a 
static pressure tapping near the tip showing a steadily 
dropping static pressure as the probe is traversed across 
the duct.
Sweeney has indicated that static pressure is 
only substantially accurate (i.e. error < 2%) for Mach
•2 3 6 “
numbers less than 0.3, and yaw angles less than 3°
If the static pressure probe is arranged so 
that it passes right through the duct - in one wall and 
out of the other - the variable effect of probe immersion 
itself is lost, although the errors in static pressure 
still occur. Flow is forced towards the walls by the presence 
of the probe, and so the indicated static pressure drops 
near the walls.
For a pitot-static probe an error of -4% is 
usual, with an appreciable error within 5 probe diameters 
of the walls. For straight probes (such as Type DA 
mentioned later), the error is appreciable within 10 probe 
diameters of the wall.
A.1.3. Yaw Angle Errors.
Yaw angles have some effect on the readings 
produced by impact head probes, the yaw angle being that 
angle produced by rotation of the probe about its own 
axis. The effect of yaw angle on the tube should be equal 
in positive and negative directions, but lack of complete 
symmetry prevents this.
For a pitot-static tube (104) for yaw angles 
of + l4g^, an error of around + 1.5% of the velocity 
head is produced.
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A.1.4. Pitch Angle Errors.
A considerable pitch angle is induced when flow 
passes around the tip of a probe immersed in a duct, 
pitch angle being angular variation in a plane normal to 
the probe axis. Pitch angle errors can be reduced by placing 
the tapping points at a sufficient distance away from the 
tip of the probe, and calibrating accordingly. In the 
case where a solid boundary exists near the probe tip 
the reading can again be affected. The effect is not 
serious when the probe is situated more than 10 diameters 
from the boundary; even so, boundary effects can be 
allowed for in calibration procedures by producing a 
suitable calibration chart.
For a pitot"Static"tube (104), for pitch angles 
of “ 13&^ to +15^5 an error of + 1.5% is produced in the 
velocity head.
A.1.5. The Calibration Factor, K, for Pitot-Static Probes.
The impact head may be expressed as
pt - ps = K p up2 A.11
2
where K is the probe calibration factor, Salter, Warsop and 
Goodman (107) have studied this value in a series of 
accurate tests for several kinds of NPL standard pitot 
probes. They found that it was satisfactory to take K
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as unity because in their experiments it was found to vary 
from 0.992 to 1.001. Tests showed that the NPL modified 
ellipsoidal nosed pitot gave accurate results for pitch 
angles of up to + 15°, when the error in pi was about 
1.5%; a similar error was shown to apply for yaw angles 
of the same magnitude (R & M No. 3365, table 3 (107)).
The uniformity of K is affected by many of the 
influences which cause instability or errors in general 
probe usage. These are;-
(a) Turbulence or other unsteadiness.
(b) Dust obscuration and wall effects.
(c) Steep lateral and longitudinal velocity
and pressure gradients,
(d) Misalignment.
(0) Vibration.
(f) Wear and damage.
(g) Support interference.
Several other factors also cause errors in 
probe usage, but are not included in this discussion as 
they are more fundamental in nature. It is sufficient 
to note here that modified ellipsoidal nosed type probes 
give suitably accurate results at almost any Reynolds 
number, when the yaw or pitch angles are kept below + 15°.
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A. 2. Choice of Probes and. Techniques 
A.2.1. Introduction.
In the study of flow in furnace models, and indeed 
in real furnaces, traversing probe systems are widely used. 
Single fixed probes may be used to investigate conditions 
at any one point, and fixed rakes carrying several probes 
may be used to investigate flow in a passage. The latter 
however, can only be used when geometric scale ensures that 
the probe rake does not interfere excessively, which 
is generally not the case.
Traversing probes allow symmetrical flow to be 
quickly studied in a duct, but if the flow is complex, 
then the ability of the probe to provide data over the whole 
flow cross-section is reduced in convenience due to handling 
difficulties. Automatic traversing units and a data 
logged output via pressure transducers provide the real 
answer in such cases, but the equipment is usually costly.
Traversing probes can be used to establish profiles 
for total pressure, static pressure, yaw angle and pitch angle 
For United Sensor Type DA probes these can be found with 
some accuracy in one traverse/section, provided that the 
flow is not too complex.
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A.2.2. Probe Size.
A probe used in the interior of a duct should 
be as small as possible. Ideally, for good accuracy, the 
projected area of the probe should obscure no more than 
1% of the duct cross-section. If, for example, a probe 
obscures as much as 5% of the duct, then static pressures 
may drop to 10% below the true value. Pitch angle readings 
can also be affected by an oversize probe.
A.2.3. Instruments for Probes.
Pressure differentials from impact head probes 
can be read with most flexibility if a range of suitable 
manometers is available. Manometers can cover a pressure 
range from 0.0005 to 35 Ib/in^ using suitable manometeric 
liquids.
The U-tube manometer is theoretically the most 
accurate, but its chief disadvantage is that it* is difficult 
to read. Inclined manometers also give good accuracy.
These are governed by the equation
dh = & sin a A.12
H = deflection
a angle of inclination (seldom less than 5°)
Such manometers are often provided with a suitably calibrated 
scale. There is a limit to the shallowness of slope 
available due to difficulties in reading the meniscus
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and so magnification is on upper limit of 10:1 (104), 
Micro-manometers can be used, but they are costly, and take 
a long time to settle down, especially if used with a 
high time constant probe.
Various liquids, or mixtures of compatible liquids 
can be used to provide a wide range of operation. The 
minimum measurable pressure differential is about 0.01” 
alcohol (0.0005 psi). This is approximately the minimum 
value that can be read, although some effort can reduce 
this to 0.001” alcohol.
Mechanical or electronic transducers can be used 
to measure probe output, and are useful when a large 
number of readings have to be taken.
Manometer errors cannot be totally avoided.
All liquid manometers are subject to some error due to 
erratic wetting of the glass tube. With mercury this 
error can be around 0.05’’; such meniscus errors arc reduced 
by having larger more tubes, but as this causes greater 
balancing times a compromise has to be reached. With 
water, a widely used liquid, the meniscus error can be 
as much as 0.1” (104).
Bourdon gauges have an error of + 5%, and are 
not really suitable for the type of work being carried out 
here. They suffer from mechanical wear and fatigue,and their 
calibration curves are not linear.
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Connecting lines from probes to manometers should 
always be smooth, clean and leak free. Plastic (pvc) or 
rubber lines are therefore to be preferred.
A. 2.4. Time Constants,
The time constant of an impact probe pressure 
measuring system depends upon the whole assembly. However, 
it has been found (101) that the principle resistance 
to flow in pressure probes is due to the viscous drag 
of the small internal tubes in the probe itself.
The response time of a probe can be shown by 
the following: expression:-
p - Pi / -c D") A.13
1 “ e V yLv /
where
P2- Pi
p = pressure shown at any time by gauge,
p 1 = initial pressure at measuring orificeof probe.
p2 = final pressure at measuring orifice ofprobe.
t = time (secs)
D = internal dia. of pressure tubes in probe
L length.
\i = viscosity of fluid flowing,
c = constant.
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This equation is similar to that for the time constant 
for a resistance and capacitor in series in an electrical 
network. The expression is derived (104) on the assumption 
that the system is at equilibrium at pressure pi, and is 
suddenly changed to P2. The variation in indicated value, 
p, is given by eq. A,13. For practical purposes the 
time constant meiy be defined as
t = y L y  A.14
which is the time taken for the indicator to register 
63% of the imposed pressure change, e.g. at time t = to 
the error is 37%, at time t = 2to, 13% and so on, as given 
by
% error = (1 - e^^°) x 100 A.15
In practice, with tapping lines less than 20 ft. long,
and an internal diameter of 0.125”s small probes (^i” dia.) 
have time constants of 2 - 20 secs. Connecting lines 
should be kept as short as possible.
The variation of time constant with probe size 
is given by
t a to / di ^  A .16( dl
for similar probes of diameter di and d2
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A.3. The Pitot Static Tube.
A.3.1. General.
Air is a compressible fluid, but in many 
cases it can be treated as incompressible. At ordinary 
temperatures, the velocity of sound in air is around 
1100 ft/sec, and for speeds up to about 200 ft/sec. the 
error in the total pressure due to compression effects 
is about 1%, as given by the expression
pt = ps + & pu^ ' 1 + A.17
where M is the Mach number. For the conditions encountered 
in the air model, where velocities of up to 350 ft/soc 
may be encountered, then the error due to compressibility 
effects rises to around 2.5%. This is not excessive, 
and so it is possible to treat the air model flow as in­
compressible.
Pitot static tubes are used to measure both 
total pressure - that caused by stagnation of the flow 
at the tip - and static pressure. Various designs of 
pitots are available, but the most satisfactory are the 
NPL standard designs. Of these, the modified ellipsoidal 
nosed probe (MEN) is the most satisfactory for this work. 
Various other types of probe are available, and these are 
discussed below.
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A.3.2. Double Headed Pitots.
Ower and Pankhurst (108) have investigated 
the overall accuracy of pitot tubes, and commented upon 
the limitations of standard types. To increase the accuracy, 
special double-headed pitots have been devised, with K 
values greater than unity (1.58-1.53). However, the use 
of such instruments is not to be recommended for model work, 
because they have several serious disadvantages.
(a) K values vary appreciably with Reynolds
number.
(b) They are sensitive to a greater extent
to turbulence.
(c) They are only really useful in large
ducts (30”+ dia.).
A.3.3. Pitot cylinders.
These are a modified design of pitot tube, 
and are cylindrical in shape, with no foot as in the standard 
pitot tube design. The total pressure is measured as is 
usual, but the static pressure tappings are situated 
on the face of a prism shaped area of the probe (not less 
than 1.5 probe diameters from the tip), whose faces are 
at 30° - 35° to the flow axis.
The position and accuracy of the holes 
has considerable effect on the K value (0.97 " 0.99)
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for* such probes, and they generally need careful 
calibration.
A.3.4. Note on the Effect of Turbulence.
The variation of the K value of a pitot is 
a secondary effect of turbulence. More direct effects 
are the pressure changes caused by turbulent velocity 
fluctuations near the total and static pressure orifices.
Turbulent velocity can be resolved into
components v^, v^ and v^ at any point. So, the velocity
components in the x-direction (assuming Cartesian
co-ordinates) is u + v , and in the y-direction u + vx y
and so on. These velocity components may be positive 
or negative, but their mean value is zero. However, 
the associated pressure changes depend on the square of 
velocity, and these do not have time mean zero values.
Thus, in incompressible flow, the pressure 
measured by the pitot is not ps +  ^ pu^^, but
pt = ps +  ^ pu 2 + I p (v^ + v^ + vj) A.18u  A  y  z
where v^ etc, are the mean squares of the turbulent 
velocity components.
Data reported by Ower and Pankhurst indicates 
that a pitot tube in an isotropic turbulent flow will
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record
pt - ps = & pu^ (1 + v^/u^) A.19
where varies between 1 (low turbulence) and 5 (high 
turbulence). Thus if r.m.s. turbulent velocity fluctuat­
ions are 10% of u, the error incurred by neglecting turbulence
is 0.5 ~ 2.5%. As a value of /v^/u of 0.1 represents
a fairly turbulent stream, the effect of turbulence can
often be safely neglected.
Turbulence intensities can be studied using 
hot-wire anemometry.
A.4. Probes used in The Air Model Test Runs.
Two main types of probe were used in the 
air model; initial attempts were made to use a United 
Sensor Corp three dimensional probe, but when this proved 
unsatisfactory the NPL type - MEN pitot-static tube was 
used extensively.
A.4.1. Type DA Three Dimensional Probes.
Type DA probes are manufactured and supplied 
by the United Sensor Corp., and are calibrated before 
delivery. Sizes of .25" and .125" were tried in the 6" 
dia. model duct; the first probe DAT - 250 (.25") was 
unsatisfactory as its obscuration of the duct cross section
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at full immersion was nearly 6%. Probe DA - 125 was better, 
(obscuration at full immersion 2.5%)s and tests were carried 
out to evaluate the performance of this probe. However, it 
was not used extensively, because:-
(a) Due to the reverse flow, considerable 
difficulty was met with when trying to stabilize the probe 
readings near the duct boundary.
(b) Having obtained stable readings, the 
amount of information produced by the probe is difficult 
to analyse unless data logging systems are available; 
such systems are expensive. This proved an insurmountable 
problem at the time and so a more simple system devised.
A.4.2. The Airflo Testing Set - with MEN Pitot Tube.
It was decided to use a pitot-static probe 
to obtain point velocity readings from the traverses carried 
out on the air model system.
A MEN type pitot was used. The errors involved 
in using this type of probe have been enumerated above.
The probe dia. was 2.3 mm (0.09"), and its foot length 
37.2 mm (1.445"); these dimensions correspond to a NPL 
MEN type 7C probe (107).
Output from the probe was read using a 
sensitive inclined manometer, capable of reading 0.001” w.g.
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The pitot was supplied calibrated, and its output is 
represented by the expression
r
where
V = 4000 / 30 _ T „ 408 „hv A. 20•Tô" V “E ^ 525^  TiüHïh„ ^
V = velocity ft/sec.
B = barometric pressure (ins. Hg)
T = absolute temp. (°R)
h^ = static pressure w.g.
hv = velocity head "w.g.
If h < 10"3 the term 408/(408 + h ) may be neglected 
with less than 1% inaccuracy.
The total additive errors from all causes may 
be listed:-
(i) Static pressure neglected 1%
(ii) Misalignment - Yaw 1.5%
(iii) Misalignment - pitch 1.5%
(iv) Turbulence 2.5%
(v) Probe size 1.0%
(vi) Compressibility effects 2.5%
Hence, the total errors (worst case) amount to around 
± 10^3 but are frequently lower than this.
Traverses at each section were carried out
— 250*
initially with the probe facing the flow axis to obtain 
forward velocity profiles| the probe was then rotated 
through 180^3 and a reverse velocity profile obtained.
In this way areas of reverse flow (i.e. recirculation) 
are detected. This technique, coupled with graphical 
interpolation was used to obtain the velocity profiles 
shown in the results section.
The pressure differential of such probes may 
also be obtained by the use of pressure transducers.
However3 in cases where the range of pressure differentials 
is large, as in this system, then a number of transducers 
is needed, in addition to the recording and plotting systems, 
and so cost can be high. The output of such transducers 
can, however, be fed directly to an x - y plotter to give 
a rapid, but rough, indication of the velocity head profile 
since v a  /h. This technique was not used in this 
work becuase of complexity.
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B.l. Similarity.
In general we are concerned with real fluids.
One fundamental aspect concerned with flows of different 
fluids about (or within) geometrically similar bodies 
are the conditions under which the fluids exhibit identical 
streamlines. Such motions are called dynamically similar, 
or similar flows.
The condition for similarity is that at all 
geometrically similar points the forces acting on a fluid 
element must bear a fixed ratio at all time- instants.
Where only frictional and inertia forces are
considered, gravity being discounted, then Reynolds
number is used to determine similarity; fluids operating
under the conditions considered above, and with the same
Reynolds number must exhibit dynamic similarity.
Re = vdp _ vd B.ly “ V
If gravitational effects are to be considered then the 
Proude number must be held constant in the two cases.
This group represents the ratio of gravitational to inertia 
forces, and is designated -
Fr = V B . 2
7gd
B.1.1. Influence of Compressibility.
The above is valid for the assumption of an
”253'“
incompressible fluid. With a compressible fluid the 
case is different, and similarity depends upon the 
Mach number
M = V B.3.c
also. This group can be regarded as a measure of the 
compressibility of the flowing medium. Data shows that 
for M < 0.3 the effect of compression may be discounted; 
above this deviation is rapid.
N.B. Real fluids have viscous forms (ideal fluids do 
not); real fluids exhibit no slip boundary conditions 
(ideal fluids do not have this property).
B.2. Boundary Layer Theory.
The theory of Craya and Curtet contains the 
value 6*3 described as the boundary layer displacement 
thickness. Using the approach given by Coulson and 
Richardson (109) P- 349 et seq., we may write
Ô* = 0.375 6 B.4.
and 6, the boundary layer thickness is given by
, 11.6^  B.5
^ P u.
where u^ = main stream velocity
6 = boundary layer thickness
X = deplacement in x-direction 
and other symbols have their usual meaning.
254"
Hence, combining B.4 and B.5 we may write 
Ô* = 0.375 X 4.64 x x x Re^ ^
or
6* = 1.74 X Re^*2
B , 6
B.7
If we assume Re = 10®, which is a reasonable value for 
the kiln system, then 1 ft inside the tube 5* remains 
quite small, (approx. 0.00551 ft). Such a size is not 
likely to affect the value of the Craya-Curtet parameter 
to any great extent, and so it can be safely neglected 
in evaluation of this parameter.
B.3. Similarity and the Navier-Stokes Equations.
The Navier-Stokes equations may be written as
.2 -
■["] ■ pv B.7
where Ap = pressure change,
L = characteristic length 
p = fluid density,
y. = fluid viscosity
g = acceleration due to gravity
V = fluid velocity.
For model similarity, each of the three terms on the 
RHS of eq. B.7 must bear the same ratio in furnace and 
model. For a constant density system, gravity can be 
neglected, a.nd the only similarity criterion is that
255
of dynamic similarity i.e. the ratio of inertial to 
viscous forces.
.2
Re
I.e. pvL V Lp
y
 ^I
This is the basic criterion for dynamic similarity, 
i.e. equality of Reynolds number in model and real 
furnace.
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C.l. Initial Evaluation of Kiln Conditions with 0,11 Firing
Conditions for a small wet process kiln are given 
by Blanks and Kennedy (92) (p@ l4l), and these were used 
as a guide for kiln firing conditions for initial operation 
of water model I. The kiln chosen which was:- 
Size: 150 ft long x 10 ft. dia. with an
Output: 1200 barrels/day = 450,000 lb/day (1 barrel = 376 lb)
Blanks and Kennedy indicate that a heat input of 1500-2000 
k cal/kg. clinker is reasonable for a long wet process 
kiln. This corresponds to 1,0 - 1.4 x 10® Btu/barrel.
In this initial approach a figure of 10® Btu/barrel was 
used as a basis for heat input.
Spiers (97) gives the gross calorific value of 
a heavy fuel oil, as 18,000 Btu/lb; this oil requires 
13.68 kg of dry air/kg oil for stoichiometric combustion.
If a 24 hr day is assumed, then the equivalent firing 
rate for this oil is 0.351 kg/sec; the air required 
is 4.795 kg/sec. Assuming that the system operates at 
15% excess air, with 25% of the theoretical air in the 
primary jet, with an r^i/L value of 0.1, then the value 
of the Thring-Newby parameter may be calculated for 
this idealised case as 8 = 0.378.
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e.g. Equivalent Nozzle Size Considerations for Initial Model.
Using eq. 3.78 (Sect. 3.3.2.), we may write
. . ”o " , V  . “o  ^*a 1
“ ■ *o ^   ^ ^
Using
L = half dia. = 10/2 = 5 ft.
m = 34,300 lb/hr.
= 12,310 lb/hr (fuel included, 2780 lb/hr).
(2000°C) = 0.00956 lb/ft!
p^ (80^?) = 0.0675 lb/ft?
u^ = 260 ft/sec (obtained using 7’' dia. Nozzle).
Assuming the oil density to be near that of air at the 
nozzle, where the oil exists in an atomised state, then 
6 is found to be 0.426, Hence, r^^ for the water operated 
model can be found, when 
m^ + m^
-5 a = it.595o WMI
j  = 2.5/2 = 1.25.
Hence, r^^ = 0.116".
If the density effect of the presence of the oil is allowed 
for, then 0 becomes 0.377? and r^^ is 0.103»
The first set of conditions are used to size the nozzle, 
and so
259'
o _ 0.116 , 0.0927
So, when the primary flow in the water model is 5.0 g.p.m,, 
we get
= 45.4 ft/sec (5.0 gpm) ) Ug/u^ = 32.3 
= 1.41 ft/sec (17.97 gpm))
Re^ = 7.16 X 10*" ) Re^o  ^ Ü  ^^ 0
Re^ = 2.38 X 10"" ) ^®a
These conditions were used in the preliminary operation 
of the first water model.
C.3. Further Considerations: Equivalent Nozzle Size/Effective Nozzle Size.
When both a gas and a solid or liquid fuel 
are being injected via a nozzle, the effect of fuel 
momentum should not be neglected.
Field et al. give a formula for calculating the 
effective nozzle size for a fuel/air jet,
d"o = 2
(tt Po 0%)
This represents the effective nozzle size of a co-axial 
jet system, and has been used by Wingfield et al.
m'260'
= total mass flow in both jets.
= total momentum flux, 
u^" = effective nozzle velocity (u^ " = G^/m^)
The equivalent nozzle size in thus given by 
= ‘^ "o/pQ ' '
in the usual way.
Assuming the oil (at 80°F) to be supplied to 
the primary air stream via a group of openings of total 
effective diameter 0.5"? then the momentum flux of the 
oil may be found.
Using this approach is found to be 1.16 ft 
and so 0 becomes 0.438. This value is similar to that 
evaluated above.
C.4. Initial Air Model Considerations.
For convenience, the size of the air model 
kiln shell was set at 6.0 inches internal diameter; 
the overall length being 12 ft.
Using the data given in Blanks and Kennedy, it 
is possible to show that the mean value of Reynolds number 
for a kiln tube is around 6.0 x 10^. However, to maintain 
this value in the air model would require excessive flow
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velocities, particularly at the primary nozzle. Thus, 
if Re = 2.0 X 10^ is assumed, the system becomes more 
simple to study.
Now, if the figures
0 = 0.426 ) 
r^i/L = 0.116 ) sect. C.2é
are used, then the initial air model operating conditions 
may be found:-
tube 2.0 X 10"
^ tube 68.5 ft ®/mill
Qo 12.84 ft®/min
Qa 54,65 ft®/mill
2L 6.0 ins.
2fo' 0.718 ins.
0.117
^ mean 5.8 ft/sec.
^o 82.0 ft/sec.
^a 4.64 ft/sec.
"c/Ua 17.7
The above data is for a 15 C isothermal air 
model, of an oil burning kiln as described in Sect. C.l. 
These conditions were used as a starting point, and were 
varied subsequently to provide wide range operating 
conditions for the air model system.
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C.5. Nozzle Sizing for Air Model Using accurate Industrial Data.
Industrial data for the Johnson’s Works (APCM Ltd) 
coal fired kiln (96) was used to obtain a final sizing 
of the nozzle for the air model.
Vol. in burner pipe = 12,770 ft®/min)
) 160°FVelocity = 168,0 ft/sec. )
Area of burner pipe is 1.269 ft %
Coal input = 5.0 ton/hr (2240 lb/ton)
Coal moisture =(15% before kiln coal mill.(( 3% just on entering burner pipe 
Prom this, nozzle dia. = 15"
and kiln dia. = 10’4" (given)
rIj- = 0,120 - geometric size ratio.
So, for the 6" i.d. model,
= 0.720 - geometric scaling.
This was used in air model tests, and an 
actual d^ value of 0.718" was used as it is a standard 
size. It is of interest to note here that for this 
particular case, the primary air figure is near 50% 
of the theoretical to give a velocity of 168 ft/sec.
However, subsequent data collected indicated that the figure 
was, in fact around 4o% of theoretical; such eventualities 
are catered for in the analysis of industrial data shown in 
Section 4. This part of the appendix was used to show
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the approach used to scale the air model nozzle using 
accurate data; the later analysis proved that the geometric 
size ratio of 0.12 is acceptable, and so it was retained 
for all air model test results presented here.
0,6. The Heated Jet.
In a real kiln temperatures of around 
2.100°C for the flame and 600^0 for the secondary air 
are frequently encountered. This gives a density ratio 
in the flame zone of about 2.7.
Assuming a model secondary air temperature of 
16*^ C, it would be necessary to have a jet heated to 
512^0 to simulate the density ratio required. This would 
be difficult and no provision was made for such a 
procedure; isothermal conditions were thus maintained 
throughout.
Some considerations for a two fluid model 
were studied (i.e. steam/air; liquid air/air) but were 
rejected as being unnecessarily complex.
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D.l. Orifice Plates for Flow Measurement in 
Water Model WMII.
All flows were eventually to be passed into 2" dia 
lines before introduction into the model, i.e. 2" line 
to jet via reducing cone, and 2" line to secondary inlet. 
B.S. 1042. Pt. 5 was used. The salient points of this 
are given below.
Pressure Tappings
(a) Upstream D± D/10 from upstream face of plate
(b) Downstream D/2i D/20 " downstream " " "
Straight Pipe Lengths
Upstream 25D D.S.3. B.S. 1042.
Downstream 5D
Flow Straighteners may be used to reduce the 
unobstructed lengths of straight pipe either side of the 
orifice, but in this case it was found that they were 
unnecessary. Regulating valves were situated downstream 
of the respective orifice plate site.
(B.S.1042, pt.3. para 34).
Orifice Plates Used
For the flow rates required, the following orifice 
plates were produced.
d " A ft 0 ^o o
(i) 0.626 0.002137
(ii) 0.885 0.004260
(iii) 1.041 0.006459
(iv) 1.250 0.008530
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Of these (ii) and (iii) were most widely used in the 
Jet line and secondary line respectively.
For use in non-corrosive flows, brass was used as 
the material of construction.
Pressure differentials were measured on damped mercury 
manometers, with adjustable zero scales.
D.2n Orifice Plates for Secondary Air Inlets: Air Model,
The orifice plates we installed according to B.S.1042, 
The design is carried out using the basic equation:-
G = C^. A^ . p. /2gh.
Since the initial mean flow has been estimated at 
approximately 30ft®/min at room temperature, it was 
decided that the deflection of the manometer for this 
condition should be 10"w.g.
Taking = 0.62 , and 10"w,g. as 685 ft.air, we 
may calculate;-
Hence
2gh = y^
y = /6TBpx(^ {.4 = 210
where y = G/^
D'Ao' po
210 = 30x0.076 / .
bO / /0.62xndQ= xO.25x0.076J
whencej
dg = 0.84''(21.32mm)
Such an orifice was installed as required.
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D.5» Rotameter for Jet line flows: Air Model
The losses caused by the combination of the jet nozzle, 
and an orifice plate are unacceptable in the jet, and 
consequently a suitable rotameter was used to measure the 
flows for the jet line.
Rotameter Type 101
M65 Tube 
Type A float
Measuring up to 70®ft /min.
D.4. Accuracy of Flow Measurement
D.4.1. Water Model I
Calibration of the flow measurement apparatus, using 
timing methods, indicated that the flows were accurate to 
± 2%.
D.4.2. Water Model II
Calibration of the orifice plates indicated that the 
flows were accurate to ± 4|%.
P.4.3. Air Model System
The flows were checked using pitot traverses at a point 
distant from the jet, where it was found that the flows had 
an accuracy about the set point of 1^% to by volume. 
This was considered acceptable.
Temperature control was also maintained in this system, 
being 22°C ± 2|^ C^ at all times.
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Development of Free Jet Equations of Thring and Newby
Section 3°3.3»
E.l. Equation 3.59
The momentum flux of an annulus dr in a plane dx 
is given by
°r = Prx
Now the radial functions may be written as
^rx _ fi(n) (2)
Uyx _ fz(h) (3)
ux
Substituting into (1) from (2) and (3) and integrating 
gives
G = 2 u^^ TT x%/T fi (n) .f2^(n). n.dn
G = u^^.p„.7r.x^ K i2 (4)
where
Ki2= /o2n.fi(n).f2^(n).d (5)
Hence from -(4)
/^ G 1
7 ttKiI ' '
Also, the total mass flow in the jet may be evaluated
M = 2/o^ u. .p- ïï.r.dr (7)rx r x
Substituting again from (2) and (3)
.2
or
M = 2 u^. p^.TT.x^ /T fi (n).f2 (n).ri.dn
M = U^ . p^.TF. x^ . Kii (8)
-270-
where
Kl 1 = /?2n. fi(n). f 2 (n)odri
Prom Eq. (8) we may write
,Ki 1 10
Eliminating by using (6) and (10) producesI = r - ^ '
Prom eq, (11), the total mass flow of original nozzle 
fluid plus entrained fluid at distance x is
M = x. J g ,p„, / (11a)
^ / KijV
Now, core of nozzle = TrrV2
= nozzle mass flow 
Mean nozzle velocity u^ is given by
(12)
Since G is constant (assumption of theory)
G = TT.r^ o^p^ , u^^ (13)
Elimintating u^ from (12) and (13) and rearranging gives
i'7 = (14)
So, the ratio of total jet fluid to nozzle fluid in length 
of travel x is given by
MO v/ Ki 2 y G.pQ.n.r^
"P 71-'
Let as required in flame jet, and r^ = r^i
E_ = K,1 / p f Ÿ  XM_ —  ( —  rj-/K 1 2 I Pq/ °
or
c V  = ï V  / ^ V
°  [ P o j
Eq. (17) corresponds to the required equation 3.59.
E.2. Equation 3.60
Rearranging eq.(12)  ^ gives 
"o = ”o
and may be substituted from eq, (14)  ^where
«o' = /âTp^-ir'.r^
thus,
«0 =
Substituting for G from eq, (14) gives
” '/  ^ . TT " ^
Writing ; r^ = r^i , gives
“o ^  / f f Y  •
Ux ° \ Po/'
This corresponds to eq, 3,60 as required
(16)
(17)
(12a)
(18)
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E,3, Equation 3.64
Consider the conservation of mass in an isothermal 
system
Now,
M = J «m.x.Pmx-n-r-dr (20)
% x  = %' (21)
Pm.x =Pm- f'(") (22)
Substituting gives
“ ' 2Ti.fi(n).f2(n)-dti (23)
Thus M = u^ .^ p..^, n. x%. %i3 (24)
where
Ki3 = /“o 2n« fi(n). f%(n) dq (25)
Also,
1^0 = % ■  Po-*' ''o' (26)
Dividing (24) by (26) gives
M _ 1 _ /2q,fi (n) „f2(q)dn (27)
2M C~’~  “ --- ’m Po fo
m 2q , f 1 (n ) » f 2  (n ). dn (28)
~o "
Now
Ï ■■ T„ 1 . fi(Ti) (29)
'Im ~ l'a ■
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Prom this
1 fi(n) (30)
ryT' . = T"a a
Multiplying top and bottom of (28) by T^/T^ gives
V  _ %  Pm V :  gn..:.f.iillL / .2.Lri.)^  (31)
% ' "o Po ?a f (,)a
Eq. (31) corresponds to the required expression 3.64
4. Equation 3.65
Prom the equations of conservation of momentum
G = 2n.f2 ^(q).dq (32)
From this
■ è  = V . P m . x . V T 2nf2 = (n).dn (33)
Also, at the nozzle
G_ = u 2,p .n.rv 2 = const,o o ‘ o o
Thus
  (54)Uq -.P^.it
Combining (33) and (34) gives
’  ^ u  ^ p o _ m ^mx
J 02q,f2^(q)odq (35)
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Now5 if , we may multiply top and bottom of (35)
by Tg/T^ to get
O 9. —rn"'""..
Equation (36) is the required expression for eq, 3.65
- 2 7 5 ' '
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F.l. Similarity Parameters for Enclosed Jets.
Approach due to Patrick (36)
Barchillon and Curtet (41) express the Craya-Curtet 
parameter as
m = -I 4. W Li^ t K.W hi ^2 0 Ü O
Where Vh = w , vj = u -iie 0 / u o o a
Q = total volumetric flow
U = Q/
Li= r^/L
Subs. . gives
m = - 2 Wq ' (iiLn ('irLn %  K w ^^CttL^) ^
" Q ^  “ L  " Q  'T. ~ W  I T
where K = 2/h is a 'form-factor' for the excess'
velocity profile at any axial position (where w = u  ^ u ).
If we consider the nozzle velocity profile
w = w^ f(n) 
where p = r/r^
If we assume a 'top^hat* profile^ then f = 1 for 
0< r< r
Now
Ai = A/r^
where is the radius at the jet boundary where w = 0. Thus^ 
in this case 
X =
So
K = 2/ on-<Sn = 2 f n f  = i
\ 2;
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Substituting in the original expression in terms of the excess 
flow Qj we get
m +K.R^ % n o
 ^ T F y h T
Now5 if r^/L is small., then the third term is most important 
and
m % K ( ÏÏ w^ r^^Ug)
( ïï(L^  “r^^)u^+ Trr^ '^ u^ )^  (r^ThJ^
But , m = ïïr^  ^ u^p and m^ = 7r(L-r^  ^)u^ p^
thus 9 if u_>>u_, then
m % K. in  ^ / l \o  . ! "—  jTm~Kn \ ^  o /o a '
I.e.
Now. if K ^ 1 . then
m2.6 = 1 3.123
Hence, the value of K must be approximately 1 at the nozzle, 
to give the correct values and expressions.
This is borne out in the industrial analysis.
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KilnNo.
uaft/sec
Velocityratio Kiln No, "aft/sec
Velocityratio KilnNo. "a ft/sec
Velocitratio
1 8.59 20.95 21 5.24 34.37 41 10.15 17.74
2 6.80 26.50 22 5.35 33.65 42 11.10 16.22
3 7.08 25.44 23 5.47 32.90 43 13.96 12.90
4 6.31 28.55 24 5.95 30.36 44 11.28 15.96
5 6.12 29.40 25 5.58 32.27 45 8.01 22.47
6 8.69 20,73 26 8.18 22.01 46 6.45 27,89
7 9.12 19.75 27 7.94 22.68 47 6 88 26,16
8 5.39 33.83 28 6.16 29.23 48 6.69 26.90
9 6.70 26.85 29 8.38 21.48 49 11.08 16.24
10 6.23 28.95 30 9.45 19.05 50 9.90 18.17
11 6.14 29.33 31 4.82 37.37 51 9.97 18.06
12 6.66 27.04 32 4.79 37.61 52 8.12 22.16
13 6.56 27.45 33 5.70 31.60 53 8.09 22.24
14 7.74 23.25 34 5.70 31.60 54 11.01 16.36
15 6.39 28.18 35 10.49 17.17 55 11.01 16.36
16 6.40 28.11 36 9.48 18.99 56 8.72 20.64
17 6.91 26.06 37 8.37 21.50 57 7.28 24.72
18 10.05 17.91 38 6.74 26.73 58 4.99 36.08
19 10.11 17.80 39 5.58 32.27 59 4.68 38.51
20 10.11 17.80 40 5.11 35.24
Table 4,2. Coal Rank 401; Primary Velocity 180 ft/sec
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KilnNo ft. ft.
D
ft. rpVL ins.
• . .. 1
ins
1 0.45 1.05 9.33 0.10 0.23 10.68 25.16
2 0.45 1.05 10.58 0.85 0.19 10.74 25.30
3 0.38 0.89 8.83 0.86 0.20 9.08 21.39
4 0.30 0.71 7.33 0.82 0.19 7.18 16.92
5 0.30 0.70 7.33 0.81 0,19 7.09 16.69
6 0.63 1.47 13.33 0.09 0.22 15.00 35.35
7 0.64 1.51 13.33 0.10 0.23 15.37 36.21
8 0.27 0.65 7.33 0.08 0.18 6.58 15.51
9 0.24 0.57 5.83 0.08 0.20 5.83 13.74
10 0.37 0.88 9.17 0.08 0.20 8,94 21.07
11 0.37 0.88 9.17 0,08 0.19 8.93 21.04
12 0.42 0.98 9.83 0,09 0.20 9.97 23.49
13 0.43 1.02 10.33 0,08 0,20 10.39 24,49
14 0.47 1.11 10.33 0.09 0.22 11.33 26.70
15 0.38 0.90 9.33 0.08 0.19 9.12 21.49
l6 0.38 0.90 9.33 0.08 0.19 9.14 21.54
17 0.37 0,87 8.71 0.09 0.20 8.86 20.87
18 0.54 1.26 10.33 0.10 0,24 12.83 30.23
19 0.54 1.26 10.33 0.10 0.24 12.83 30.23
20 0.54 1.26 10.33 0.10 0.24 12.83 30.23
21 0.29 0.69 7.83 0.08 0.18 7.00 16,49
22 0.30 0.69 7.83 0.08 0.18 7.04 16.67
23 0.30 0.71 7.83 0.08 0,18 7.18 16.91
24 0.26 0.62 6.71 0.08 0.18 6.30 14.84
25 0.26 0.60 6.71 0.08 0.18 6.11 14.39
26 0.35 0.83 7.67 0.09 0.22 8.43 19.85 ’
27 0.35 0.81 7.67 0,09 0,21 8.27 19.50
28 0.32 0.75 7.94 0.08 0.19 7.62 17.94
29 0.40 0.95 8.71 0.09 0.22 9.67 22,79
30 0.51 1.20 10.33 0.10 0,23 12.18 28.70
Table 4.3(a) Coal Rank 401 g
Primary Velocity 180 ft/sec.
-282'
KilnNo. "*0 ft.
D
ft
fo/L r ^  /L 0 doins. ^0' ins,
31 0 .19. 0.45 5.40 0.07 0.17 4,57 10.76
32 0.19 0.45 5.40 0.07 0.17 4.57 10.76
33 0.31 0.72 7.91 0.08 0.18 7.32 17.25
34 0.31 0.72 7.91 0.08 0.18 7.32 17.25
35 0.43 1.02 8.54 0.10 10.24 10.35 24.40
36 0.41 0.97 8.54 0.10 0.23 9.91 23.35
37 0.45 1.00 9.33 0.09 !0.22 10.21 24.06
38 0.37 0.86 8,71 0.08 0.20 8.80 20.73
39 0.34 0.79 8.71 0.08 0,18 8.30 18.92
40 0.29 0,68 7.83 0.07 0.17 6.90 16.29
41 0.40 0.95 7.85 0.10 0.24 9.66 22.77
42 0.33 0.79 8.52 0.08 0.19 8.02 18.91
43 0.36 0.86 7.83 0.09 0.22 8.71 20.52
44 0.39 0.92 9.37 0.08 0.20 9.41 22.16
45 0.40 0.93 8.71 0.09 0.21 9.48 22.34
46 0.36 0.84 8.71 0.08 0.19 8.52 20.07
47 0.37 0.87 8.71 0.08 0.20 8.82 20,78
48 0.36 0.86 8.71 0.08 0.20 8.74 20.59
49 0.39 0,92 9.33 0.08 0.20 9.37 22.08
50 0.53 1.25 10.33 0.10 0.24 12.69 29.91
51 0.58 1.24 10.33 0.10 0.24 12.65 29.80
52 0.35 0.82 7.67 0.09 0.22 8.39 19.77
53 0.35 0.82 7.67 0.09 0,21 8.37 19.72
54 0.36 0.85 8.83 0.08 0.19 8.68 20,46
55 0.36 0.85. 8.83 0.08 0.19 8,68 20.46
56 0.61 1.44 13.33 0.09 0.22 14.64 34.50
57 0.44 1.04 10.33 0.08 0.20 10.61 25.00
58 0.31 0.72 8,71 0.07 0.17 7.38 17.38
59 0.30 0.70 8.71 0,07 0.16 7.17 16.88
Table 4.3(b) Coal Rank 401; Primary Velocity iBOft/sec
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KilnNo 0 m Th Th(m) Th(mM Th(VR)j1
31 0.54 4.83 3.42 0,34 0,31 0,36 1 0.31 1
32 0,54 4.89 3.45 0.34 0,30 0.36 0.31
33 0.59 I 4.11 2.90 0.37 0.33 0.38 0.33
34 0.59 4,11 2,90 0.37 0.33 0.38 0.33
35 0.81 I 2.08 1.53 0.49 0,44 0.50 0,44
36 0.77 I 2.33 1.70 0.47 0,42 0.48 0.42
37 0.72 2.66 1.94 0.44 0.40 0.45 0.40
38 0.64 3.47 2,46 0.40 0.35 0.41 0.36
39 0.58 4.23 2.98 0.36 0.33 0.38 0.33
40 0,55 4.63 3.25 0.35 0.31 0.37 0.31 !
41 0,78 2.25 1.62 0.48 0.43 0.49 0.43
42 0.96 1.27 1.08 0.52 0.53 0,56 0.53
43 1,04 1,08 0.92 0.57 0.56 0.59 0,57
44 0.94 1.37 1.14 0.52 0.52 0.55 0.52
45 0.70 2.86 2.05 0.43 0.39 0,44 0.39
46 0,63 3.58 2.55 0.39 0.35 0.41 0.35
47 0,65 3.36 2.39 0.40 0.36 0.42 0.36
48 0,64 3.48 2.47 0.40 0.35 0.41 0,36
49 0.92 1.41 1.17 0.51 0.51 0,55 0.51
50 0.77 2.34 1,68 0.48 0.42 0.48 0.42
51 0.78 2.30 1,66 0.48 0.42 0,48 0.43
52 0.70 2.81 2.02 0.44 0.39 0,45 0.39
53 0.70 2.82 2.03 0.44 0.39 0.44 0.39
54 0.93 1.38 1.16 0,51 0.52 0.55 0.52
55 0.93 1.38 1.16 0,51 0.52 0.55 0.52
56 0.74 2.49 1.83 0.45 0.41 0,46 0,41
57 0.67 3.11 2.24 0.41 0.37 0.43 0.37
58 0,55 4.56 3.26 0.35 0.31 0.36 0.32
. 0.54 4.90 3.48 0.33 0.3o 0.35 0,31
Table 4.4(b) Coal Rank 401; Primary Velocity 180 ft/sec
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KilnNo 0
m Th Th(m) Th(mi) . Th(VR)
1 0.72 2.71 1,94 0.45 0.39 0.45 0.40
2 0.64 3.44 2.44 0,40 0.36 0,41 0.36
3 0.66 3.27 2.33 0.41 0.36 0.42 0.37
4 0.62 3.73 2.63 0.39 0.34 0,40 0.35
5 0.61 3.85 2.71 0.38 0.34 0.39 0.34
6 0.73 2.60 1.88 0.45 0.40 0.46 0.40
7 0.75 2.47 1 1.79 0.46 0,41 0.47 0.41
8 0.57 4.32 3.06 0.36 0.32 0.37 0.32
9 0.64 3.45 i 2.46 0.40 0.36 0.41 0.36
10 0.61 3.79 2.67 0.38 0.34 0,40 0.34
11 0.61 3.87 2.72 0.38 0,34 0.39 0,34
12 0.63 3.56 2.51 0.40 0.35 0,41 0.55
13 0.63 3.61 2.54 0.39 0.35 0.41 0.35
14 0,68 3.06 2,16 0,43 0.37 0.43 0.38
15 0,62 3.63 2.58 0.39 0,35 0.40 0.35
16 0.62 3.63 2,58 0.39 0.35 0.40 0.35
17 0.65 3.36 2.39 0.40 0.36 0,42 ' 0.36
18 0.78 2.31 1,66 0,48 0,42 0,48 0.42
19 0.78 2,29 1.64 0.48 0.42 0,48 0.43
20 0,78 2.29 1.64 0.48 0.42 0.48 0.43
21 0.56 4.52 3.17 0.35 0.32 0.37 0.32
22 0.57 4.42 3.11 0.36 0.32 0.37 0.32
23 0.57 4.34 3.04 0.36 0.32 0.38 0.32
24 0.60 3.91 2.78 0.38 0,34 0.39 0.34
25 0,58 4.16 2,95 0.36 0.33 0.38 0.33
26 0.71 2.79 2.01 0.44 0.39 0.45 0.39
27 0.70 2.87 2.06 0.43 0.39 0,44 0.39
28 0,61 3.78 2,68 0.38 0.34 0.40 0.34 !
29 0,71 2.72 1.96 0,44 0.39 0,45 0.40
30 0.76 2,40 1.73 0,47 0.42 0.47 0.42
Table 4.4(a) Coal Rank 401; Primary Velocity 130 ft/sec.
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Kilnlu
1 ft/sec i
j Kiln No. "aft/sec
Kiln No. "aft/sec
1 7.29 24.70 21 4.46 40.50 41 8.61 20.90
2 5.77 31.20 22 4.54 39.65 42 9.43 19.09
3 6.00 29.97 23 4.65 38.76 43 11.86 15.18
4 5.35 33.64 24 5.03 35.77 44 9.58 18.79
5 5.20 34.64 25 4.73 38.02 45 6.80 26.47
6 7.37 24.42 26 6.94 25.93 46 5.48 32.86
7 7.38 23.26 27 6.74 26.71 47 5.84 30.82
8 4.58 39.33 28 5.23 34.44 48 5.68 31.69
1 9 5.69 31.64 29 7.11 25.31 49 9.41 19.12
10 5.28 34.10 30 8.02 22.44 50 8.41 21.41
11 5.21 34.55 31 4.09 44.02 51 8,46 21.28
12 5.65 21.85 32 4,06 44.31 52 6.90 26.10
13 5.57 32.34 33 4.84 37.23 53 6.87 26.21
14 6.57 27.39 34 4.84 37.23 54 9.35 19.26
15 5.42 33.20 35 8.90 20.22 55 9.35 19.26
16 5.44 33.11 36 8.05 22.36 56 7.40 24.32
17 5.86 30.70 37 7.11 25.33 57 6. l8 29.12
18 8.53 21.10 38 5.72 31.49 58 4.24 42.50
19 8.58 20.97 39 4.73 38.02 59 3.97 45.36
20 8.58 20.97 I
1
40 4.34 41.51 11
Table 4.6, Coal,Rank 802 Primary Velocity180 ft/sec.
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KilnNo ft. "0  ^ft.
D 
ft.
r /L 0 rpVL I'oins,
d *
ins.
1 0.41 0.97 9.33 0.09 0.21 9.88 23.29
2 0.41 0.98 10.58 0.08 0.18 9.94 23.42
3 0.35 0.83 8.83 0.08 0.19 8.40 19.80
4 0.28 0.65 7.33 0.08 0.18 6.65 15.67
5 0.27 0.64 7.33 0.08 0.18 6.56 15.46
6i 0.58 1.36 13.33 0.09 0.21 13.87 32.72
! 7 0.60 1.40 13.33 0.09 0.21 14.23 33.52
! 8 0.25 0.60 7.33 0.07 0.16 6.09 14.36
0.23 0.53 5.83 0.08 0.18 5.39 12.72 1
1 10 0.35 0.81 9.17 0.08 0.18 8.28 19.50 !
11 0.34 0.81 9.17 0.08 0.18 8.27 19.48 !
12 0.39 0.91 9.83 0.08 0.18 9.23 21.74 j
13 0.40 0.45 10.33 0.08 0.18 9.62 22.67 I
14 0.44 1.03 10.33 0.09 0.20 10.48 24.71 1
15 0.35 0.83 9.33 0.08 0.18 8.44 19.89 •
16 0.35 0.83 9.33 0.08 0.18 8.46 19.44 j
17 0.34 0.80 8.71 0.08 0.19 8.19 19.32 1
18 0.50 1.17 10.33 0.10 0.23 11.88 27.98 !
19 0.50 1.17 10.33 0.10 0.23 11.88 27.98 i
20 0.50 1.17 10.33 0.10 0.23 11.88 27.98 1
21 0.27 0.64 7.83 0.07 0.16 6.48 15.26
22 0.27 0.64 7.83 0.07 0.16 6.55 15.43
23 0.28 0.65 7.83 0.07 0.17 6.64 15.65 I
24 0.24 0.57 6.71 0.07 0.17 5.83 13.73
25 0.24 0.56 6.71 0.07 0.17 5.65 13.32
26 0.33 0.77 7.67 0.09 0.20 7.80 18.38
27 0.32 0.75 7.67 0.08 0.20 7.66 18.05
28 0.29 0.69 7.94 0.07 0.17 7.05 16.61
29 0.37 0.88 8.71 0.09 0.21 8.95 21.10
30 0.47 1.11 10.33 0.09 0.21 11.28 26.57
,
Table 4.7(a). Coal Rank 802; Primary Velocity l80ft/sec.
■288-
Kiln 
No. » .
r /L rpVL doins
|do‘
ins
31 0.18 0.42 5.40 0.07 0.15 4.23 9.96 '
32 0.18 0.42 5.40 0.07 0.15 4.23 9.96 1
33 0.28 0.67 7.91 0.07 0.17 6.78 15.97 :
34 0.28 0.67 7.91 0.07 0.17 6.78 15.97
i 55 0.40 0.94 8.54 0.09 0.22 9-58 22.58
! 36 0. 38 0.90 8.54 0.09 0.21 9.17 21.62
37 0.39 0.93 9.33 0.08 0.20 9.45 22.27 I
38 0.34 0.80 8.71 0.08 0.18 8.14 19.18 !
39 0.31 0.73 8.71 0.07 0.17 7.43 17.51 i
40 0. 27 0.63 7.83 0.07 0.16 6.40 15.08
41 0.37 0.88 7.85 0.10 0.22 8. 94 21.08 :
42 0.31 0.73 8.52 0.07 0.17 7.43 17.51 !
43 0.34 0.79 7.83 0.09 0.20 8.06 18.99 i
44 0.36 0.86 9.37 0.08 0.18 8.71 20.52 !
45 0.37 0.86 8.71 0.08 0.20 8.78 20.68 :
46 0.33 0.77 8.71 0.08 0.18 7.89 18.58
47 0.34 0.80 8.71 0.08 0.18 8.17 19.24 j
48 0.34 0.79 8.71 0.08 0.18 8.09 19.06 i
49 0.36 0.85 9.33 0.08 0.18 8.67 20.44 1
50 0.49 1.15 10.33 0.10 0.22 11.75 27.68 i
51 0.49 1.15 10.33 0.10 0.22 11.71 27.59 1
52 0.33 0.76 7.67 0.08 0.20 7.77 18.29
53 0.32 0.76 7.67 0.08 0.20 7.75 18.25
54 0.34 0.79 8.83 0.08 0.18 8.04 18.94
55 0.34 0.79 8.83 0.08 0.18 8.04 18.94 i
56 0.57 1.33 13.33 0.09 0.20 13.55 31.93 j
57 0.41 0. 96 10.33 0.08 0.19 9.82 23.14 i
58 0.29 0.67 8.71 0.07 0.15 6.83 16.09 !
59 0.28 0.65 8.71 0.06 0.15 6 .63 15.63 1
Table 4.7(b) Coal Rank 802; Primary Velocity 180 ft/sec.
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Kiln No. 0 m ml ' Th Th(m) Th(mi )! Th(VR) 1
1 0.64 3.24 2.42 0.40 0.51 0.41 0.51 1
2 0.57 4.10 3.05 0.36 0.33 0.38 0.33
3 0.59 3.89 2.92 0.37 0.34 0.38 0.34
4 0.55 4.44 3.29 0.35 0.32 0.36 0.32
5 0.54 4.58 3.39 0.34 0.31 0.36 0.32
6 0.65 3.10 2.35 0.41 0.51 0.42 0.37
7 0.67 2.95 2.24 0.42 0.38 0.43 0.38
8 0.51 5.15 3.83 0.32 0.30 0.34 0.30
9 0.57 4.11 3.08 0.36 0.33 0.37 0.33
10 0.55 4.52 3.35 0.35 0.32 0.36 0.32 i
i 11 0.54 4.61 3.40 0.34 0.31 0.36 0.31 1
12 0.56 4.24 3.14 0.36 0.32 0.37 0.33 !
13 0.56 4.31 3.18 0.36 0.32 0,37 0.32 j
14 0.61 3.65 2.70 0.38 0.35 0,40 0.35
15 0.56 4.33 3.23 0.35 0.32 0.37 0.32
16 0,56 4.32 3.23 0.35 0.32 0.37 0.33 1
17 0.58 4.00 2.99 0.36 0.33 0.38 0.39
18 0.69 2.76 2.07 0.44 0.39 0.44 0.40
19 0.70 2.73 2.06 0.44 0.39 0.44 0.40 I
20 0.70 2.73 2.06 0. 44 0.39 0.44 0.40
21 0.50 5.37 3.97 0.32 0.29 0.33 0.29
22 0.51 5.26 3.89 0.32 0.29 0.34 0.30
23 0.51 5.16 3.81 0.33 0.30 0.34 0.30
24 0.54 4.65 3.47 0.34 0.31 0.35 0.31
25 0.52 4.95 3.69 0.33 0.30 0.35 0.30
26 0.63 3.33 2.51 0.39 0.36 0.41 0.36
27 0.62 3.42 2.58 0.39 0.36 0.40 0.36
28 0.55 4.50 3.35 0.34 0.32 0.36 0.32
29 0.64 3-24 2.45 0.40 0.37 0.41 0.37
30 0.68 2.86 2.17 0.42 0.39 0.43 0.39
Table 4.8(a) Coal Rank 802; Primary Velocity l80 ft/sec.
'290'
Kiln No. 8 m ml Th Th(m) Th(mi)| Th(VI
31 0.48 5.75 4.28 0.31 0.28 0.32 0.28
32 0.48 5.81 4. 31 0.30 0,28 0.32 0.28
33 0. 52 4.89 3. 63 0.33 0.30 0.35 0.31
34 0. 52 4.89 63 0.33 0.30 0.35 0.31
35 0. 72 2.48 1. 92 0.44 0.41 0.45 0.41
36 0. 68 2. 78 2.14 0.42 0.39 0.44 0.39
37 0.64 3.18 2.42 0.40 0.37 0.41 0.37
38 0, 57 4.14 3.08 0.36 0.33 0.37 0.33
39 0. 52 5'04 3.73 0.33 0.30 0.34 0.30
40 0. 50 5. 51 4.07 0.31 0.29 0.33 0.29
41 0.70 2.68 2.03 0.44 0.40 0.44 0.40
42 0.85 1.52 1. 37 0.47 0.50 0.52 0.50
43 0. 93 29 1.16 0.52 0.53 0.55 0.53
44 0. 83 1.63 1. 44 0.47 0.48 0.51 0.49
45 0.62 3.41 2.57 0.39 0.36 0.40 0.36
46 0. 56 4.26 3.19 0.35 0.32 0.37 0.33
47 0. 58 00 3.00 0.36 0.33 0.38 0.33
48 0.57 4.15 3.09 0.36 0.33 0.37 0.33
49 0. 82 1.69 1. 48 0.46 0.48 0.50 0,48
50 0.69 2.79 2'10 0.43 0.39 0.44 0.39
51 0. 69 2.75 2.08 0.43 0.39 0.44 0.39
52 0.63 3-35 2. 53 0.39 0.36 0.41 0.36
53 0.63 3.36 2. 54 0.39 0.36 0.41 0.36
54 0, 83 1.65 1. 46 0.46 0.48 0.51 0.48
55 0. 83 1.65 1.46 0. 46 0.48 0.51 0.48
56 0.66 2-98 2. 30 0.41 0.38 0.42 0.38
57 0. 60 3.70 2.80 0.37 0.34 0.39 0.35
58 0. 50 5.42 4.08 0.31 0.29 0.33 0.29
59 0. 48 5.82 4.36 0.30 0.28 0.32 0.28
Table 4,8(b) Coal Rank 802; Primary Velocity 180 ft/sec.
